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Chapter 1: Introduction

Helicopters are inherently unique in the world of aircraft; the ability to take-off

and land vertically and to maintain hovering flight enables an enormously benefi-

cial operational envelope and allows a range of applications. Hover-capable aircraft

that are runway independent and permit efficient low-speed operation can facili-

tate rescue missions, precision cargo and package delivery, and steady, sustained

reconnaissance that fixed-wing aircraft are unable to accomplish. These abilities,

however, come at a cost: because the design of an optimal hovering vehicle directly

conflicts with that of a vehicle optimized for efficient forward flight, helicopters have

traditionally been limited in forward flight speed and efficiency. Now, the focus in

the rotorcraft industry has shifted toward the development of high-speed configu-

rations that simultaneously possess the efficient low-speed operational capabilities

that make helicopters unique.

Over the last few years, there has been an industry-wide push for faster, high-

speed rotorcraft capable of operation over 250 knots. The current DARPA (Defense

Advanced Research Projects Agency) challenge calls for a VTOL X-Plane capable of

both high hover efficiency and sustained forward flight speeds of more than 300 knots

[1]. This push is necessary because the flight envelope of conventional helicopters
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with edgewise rotors has traditionally been limited at high forward flight speeds by

compressibility effects on the advancing side as well as reverse flow and dynamic

stall on the retreating side. Slowing the rotor can minimize these compressibility

effects and decrease the profile power, but also results in high advance ratio (µ) that

can cause loss of lift on the retreating side and high vibratory loads.

This work will begin by providing a more detailed background on the chal-

lenges associated with high advance ratio flight because of slowed rotors, focusing

in particular on experimental studies that have been performed. While many nu-

merical and computational studies of high µ flight have been attempted over the

years, comprehensive experimental studies are needed to validate these predictive

methodologies. Many existing analyses rely on certain assumptions, such as blade

similarity, that may not be strictly possible in experimental testing. There is a

need to investigate the dynamics of a single rotor at high speeds to understand the

effects of blade similarity on tracking and trimming at high advance ratio. The

objective, scope, and contributions of the current research is discussed at the end of

this chapter.

1.1 Background and Motivation

Conventional helicopters are limited in their ability to achieve high speed flight

by factors such as retreating blade dynamic stall and reverse flow as well as com-

pressibility effects on the advancing side. This is illustrated in Fig. 1.1: in hover,

when the helicopter is not moving forward (1.1(a)), the rotor is under the influ-
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ence of symmetric flow distribution. As the helicopter transitions into forward flight

(1.1(b)), that additional velocity adds to the rotor angular velocity, increasing the

combined rotor speed on the advancing side and decreasing the total speed on the

retreating side. This imbalance in lift causes a roll moment on the rotor, and the

blade pitch on the retreating side must therefore be increased to preserve lift and

maintain roll equilibrium.

Figure 1.1: Effects of high speed forward flight on a conventional edgewise rotor.

There are multiple challenges associated with this high speed flight regime:

• Compressibility Effects: First, conventional edgewise rotors at high speeds

experience compressibility effects on the advancing side blade tip. As the

combined velocity on the advancing side increases, the flow over the airfoil

begins to approach its critical Mach number. Typical modern-day helicopters,

such as the military’s UH-60 Blackhawk, operate at hovering tip Mach numbers

of approximately 0.65; thus, even moderate forward flight speeds can result in

transonic flow and even local shocks over the advancing blade tip. This results
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in a sharp increase in sectional airfoil drag, large pitching moments, and high

levels of vibration.

• Dynamic Stall: Another problem is retreating blade dynamic stall, which

occurs when retreating blade pitch is increased with forward flight speed. At

sufficiently high pitch angles, the retreating blade reaches its critical angle of

attack and experiences dynamic stall. During the onset of retreating blade

dynamic stall, there is a very large increase in vibratory loads and significant

degradation of handling quality and flight dynamics.

• Reverse Flow: A third consideration when operating edgewise rotors at

high speeds is reverse flow. At high forward flight velocities, the oncoming

flow exceeds the rotor’s rotational speed and results in reverse flow, which

travels from the geometric trailing edge of the blade to the leading edge, in the

region near the root of the blade. The reverse flow region causes a significant

increase in blade pitching moment and vibration that can severely impact rotor

performance.

The aforementioned challenges are all aggravated by higher forward flight ve-

locities. One method of reducing compressibility effects is to slow the rotor RPM

such that the advancing blade tip Mach number is lower than the critical Mach

number. Slowing the rotor minimizes compressibility effects and maintains a lower

profile power, but also results in high advance ratio that can cause a net loss of lift

and more vibratory loads. Compound helicopter configurations can overcome these

limitations by adding supplemental lifting surfaces, additional rotors, or auxiliary
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propellers; adding additional lift and thrust offloads the main rotor enough to allow

the rotor RPM to be slowed.

Figure 1.2: The Optimum Speed Rotor concept, developed by Karem, was imple-
mented on the A160 Hummingbird to achieve variable rotor speed.

There are, however, additional problems associated with the use of slowed ro-

tors. Modern helicopter engines and transmissions are typically incapable of main-

taining efficient operation (less than 5% variation from minimum specific fuel con-

sumption) with more than 15-20% change from nominal rotor RPM [2]. While there

are a few exceptions, like the Optimum Speed Rotor concept patented by Karem [3]

and tested on the A160 Hummingbird shown in Fig. 1.2, where the rotor speed was

slowed by more than 50% [4]. Variable-speed engine technology is not available

at this time, and this presents many challenges. The Army Aviation Technology

Directorate is attempting to address this challenge, beginning a program in 2016

to develop a transmission system capable of 50% reduction in rotor speed [5]. The

rotors must be modified as well, because variable-speed rotors need to be stiffened
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to avoid the possibility of resonance as the rotor RPM is changed.

Figure 1.3: Modern coaxial helicopters with augmented propulsive thrust.

Figure 1.4: Lift-compound configurations with additional fixed-wing surfaces.

To counter the lift imbalance induced by single rotor configurations, modern

coaxial helicopters utilize rigid contra-rotating rotors to balance the roll moment

induced by high speed flight. Additionally, a pusher propeller is used to provide

propulsive thrust. Sikorsky Aircraft, a division of the Lockheed Martin Corpora-

tion, has incorporated this technology into many of their products, like the X-2

Technology Demonstrator [6] and the S-97 Raider [7] shown in Fig. 1.3.

As shown in Fig. 1.4, lift-compound rotorcraft have been developed that utilize

additional lifting surfaces to offload the slowed rotors in high speed flight, such as
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Carter Aviation’s Personal Air Vehicle [8] and Airbus Helicopter’s X3 [9].

The aeromechanics of a rotor at high advance ratios, which involves the coupled

structural, aerodynamic, and inertial response, is not yet completely understood at

very high advance ratios. Typically, legacy helicopters have not exceeded advance

ratios above µ = 0.4; this is because of many dynamics, performance, and flight

dynamics issues associated with high advance ratios. Additionally, high advance

ratio flight (above µ = 0.8) causes many critical phenomena such as thrust reversal,

reverse flow, and high vibratory loads, all of which impact the performance of the

rotor. While numerical models have been created to predict the aeromechanics of

a rotor at high advance ratio, these have not been optimally validated because of

limited comprehensive experimental data for advance ratios above µ = 0.5. High

quality experimental studies must be continue to be performed to create a dataset

that can be used to validate these predictive models. This work investigates the

aeromechanics of a slowed rotor by obtaining experimental test data for a rotor

with a highly similar set of blades at advance ratios up to 0.9.

1.2 Previous Work in High Advance Ratio Flight

Slowing the rotor to achieve high advance ratios has been investigated by

researchers in industry, government, and academia to further the development of

high speed rotorcraft. This section will provide a detailed review of previous work

involving high advance ratio experimental testing, followed by a review of analytical

studies and predictive models that have been developed as design tools for future
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high speed rotorcraft.

1.2.1 Experimental Investigations

Wheatley and Hood (1935) performed wind tunnel experiments on an isolated

Pitcairn PCA-2 autogiro rotor in the full-scale Langley Research facility in 1933,

obtaining force and airloads data for the rotor [10]. The unpowered rotor (Fig. 1.5)

was started using the wind tunnel jet stream, and several rotor speeds were tested

for each of three collective pitch settings to achieve advance ratios between 0.1 and

0.7. Rotor lift-to-drag ratio was observed to reach a maximum of approximately 7.0

at about µ = 0.35 regardless of pitch setting. Blade tracking was achieved by slowly

lowering a paint brush from above the rotor disk to mark the blade (or blades)

with the highest flapping angle, thereby observing which blades were out-of-track.

Figure 1.5: The isolated PCA-2 autogiro rotor tested in the Langley Aeronautical
Laboratory full-scale wind tunnel in 1933.
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Adjustments of the pitch links were then made, and the process was repeated until

the blade tips were within 1.5 inches of one another.

Jenkins and Sweet (1963-1965) tested a 15-foot-diameter rotor in the Langley

Research Center’s full-scale wind tunnel to investigate the performance of a rotor

at high collectives [11] and at high advance ratios [12].

Figure 1.6: Jenkins and Sweet wind tunnel tested a 15 ft diameter teetering rotor
at advance ratios up to 1.45 at the Langley Research Center [12].

The two-blade, teetering rotor shown in Fig. 1.6 utilized an untwisted, unta-

pered NACA 0012 airfoil to explore rotor performance at advance ratios from 0.65

to 1.45 and measured rotor forces, rotor controls, and flapping motion. Additional

results were obtained by varying longitudinal shaft tilt to affect rotor lift-to-drag

ratio. The blade structural and inertial properties were not provided. Jenkins et
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al. obtained the first experimental evidence of rotor thrust reversal, noting that the

slope of thrust versus collective angle became negative for advance ratios around

1.0.

McCloud, Biggers, and Stroub (1968) tested five full-scale rotors at advance

ratios of 0.3 to 1.05 in the NASA Ames 40 ft x 80 ft wind tunnel [13]. Four of

the five rotors had NACA 0012 airfoil geometries; four of the rotors had no taper,

while the fifth included linear chordwise taper plus added camber to the outer 20%

radius of the blades. The set of wind tunnel tests varied blade twist, blade tip

shape, and rotor articulation to obtain rotor hub forces and moments, shaft torque,

rotor flap angles, and control settings at high advance ratios. Two 56 ft diameter,

fully articulated rotors, one with twist and one without, were tested along with two

teetering rotors, one with a 24 ft blade radius and another with a 17 ft radius, up

to advance ratios of 1.05 and advancing tip Mach numbers up to 1.00. The fifth

teetering rotor was 48 ft in diameter and incorporated linear taper as well as a

NACA 21006 airfoil section at the blade tip. While the average flap inertia and

the geometric properties of the blades are given, the individual blade stiffnesses and

masses are not provided. Each test adjusted the tunnel speed and rotor RPM to

achieve a set advance ratio and advancing tip Mach number, trimmed the rotor to

zero first harmonic flapping, and then conducted a collective pitch sweep at each

test condition. The recorded performance measurements were meant to validate the

existing analysis of the time, and the authors concluded that predictions of drag

were inadequate and needed improvement.

Charles and Tanner (1969) from Bell Helicopter carried out a joint Army/NASA/Bell
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Helicopter investigation using the full-scale, two bladed, 34 ft diameter teetering ro-

tor tested previously by McCloud et al. at the NASA Ames 40 ft by 80 ft wind

tunnel [14]. The 34 ft rotor was tested up to µ = 1.1. A 44 ft diameter rotor with

low twist and a tapered tip was also tested, reaching a range of advance ratios from

0.31 - 0.52 and advancing tip Mach numbers from 0.51 - 0.94. The rotor geometry

is provided, but again there is no mention of blade stiffness or mass. In testing at

the higher advance ratios, the wind tunnel speed was set at its maximum and rotor

RPM was varied to achieve the desired conditions. At each condition, the rotor was

trimmed to zero first harmonic flapping with respect to the rotor shaft, and rotor

hub loads, shaft torque, and rotor and control positioning data were recorded. The

authors observed an increasing sensitivity to control inputs with advance ratio, and

noted that at µ = 1.1, the rotor became significantly less stable: at low collective,

the rotor demonstrated a long transient response before achieving steady state; at

the highest collective, the flapping response never stabilized and further testing was

deemed unsafe. They noted that above µ = 0.5, theory overpredicted rotor drag

and correlations between predictions and the measured data began to break down.

This investigation was intended to demonstrate the state-of-the-art of performance

calculations of the time, and is further discussed in Section 1.2.2.

Fairchild Corporation’s Ewans and Krauss (1973) designed, built, and tested

a fully articulated, one-seventh scale rotor system in 1972 under contract from the

Naval Air Systems Command [15]. Their reverse velocity rotor (RVR) concept,

intended to validate predictions made in previous studies, utilized an elliptical airfoil

shape to generate lift in reverse flow. The 8 ft, 4-bladed rotor model was tested in the
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12 ft pressurized wind tunnel at NASA Ames, reaching advance ratios from 0.3 to

2.46 and tunnel speeds up to 350 knots, and obtained data at the highest advance

ratio in publicly available literature. The rotor shaft angle was varied from −5

degrees forward to 12.5 degrees aft, and the rotor was trimmed to zero longitudinal

flap and zero roll moment before data was collected for each setting. Two-per-rev

swashplate control was used to provide higher harmonic inputs around the azimuth.

The inertial and geometric properties of the blades were detailed in the report,

though the stiffness distribution was omitted. The data collected included six-

Figure 1.7: Ewans and Krauss studied the performance of a rotor with an elliptical
airfoil up to µ = 2.46.
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component hub balance measurements, rotor flap and lag motion, control settings,

blade bending moments, and lag damping moments.

Unlike previous tests prior to Ewans and Krauss, the rotor was successfully

trimmed at each flight condition and experienced no dynamic instabilities through-

out its operation. In addition, three different airfoil sections corresponding to the

root, mid-span, and tip of the rotor (Fig. 1.7) underwent two-dimensional wind

tunnel testing using pressure distributions and wake survey tests to characterize the

airfoil sections in both forward and reverse flow. The data collected was used to pre-

dict the rotor performance at full-scale Reynolds numbers, and the authors observed

that by using this data, a significant improvement in the predicted lift-to-drag ratio

was obtained.

Norman et al. (2011) performed a full scale UH-60A rotor test at the NASA

Ames 40 ft by 80 ft large scale wind tunnel [16] using the same UH-60A rotor used

for previous flight tests, conducted by NASA and the Army and referred to as the

UH-60A Airloads program [17]. The experiment was intended to both replicate

the previous flight test data in a controlled setting as well as to collect additional

data at high advance ratios. The authors hoped that a high-quality dataset could

potentially be used to identify the sources of discrepancies in analytical models.

The rotor was mounted on the Large Rotor Test Apparatus shown in Fig. 1.8 and

incorporated two heavily instrumented blades: one blade was instrumented with

235 pressure transducers to measure rotor airloads, while the opposite blade was

instrumented with multiple strain gauges and accelerometers to measure structural

blade loads. The recorded data included rotor forces and moments, oscillatory hub
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loads, blade deformations, control settings, and rotor wake measurements using

Particle Imaging Velocimetry and deflection measurements using a retro-reflective

background oriented schlieren scheme.

Figure 1.8: UH-60A rotor atop the Large Rotor Test Apparatus (LRTA) at Ames.

The last phase of the set of experiments was high advance ratio slowed rotor

testing, which obtained data at advance ratios up to 1.0 and is well documented

in a subsequent paper by Datta et al. [18]. This experiment was the first to test a

production rotor at high µ; it also provided a complete set of measurements, includ-

ing performance, blade motions, structural loads, airload pressure distributions, and

hub loads measurements. Parametric sweeps through advancing tip Mach number

were conducted using three rotor RPMs (40%NR at M=0.26, 65%NR at M=0.42,

and 100%NR at M=0.65, where NR refers to nominal rotor speed) and a maximum
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tunnel speed of 182 knots. Longitudinal shaft tilt was varied from 0◦ to 4◦ aft, and

collective pitch sweeps were performed at each flight condition. At each collective

test point, the rotor was manually trimmed to zero first harmonic flapping before

data was recorded.

For tracking purposes, the blade tip positions were located using a camera at

240◦ to track the rotor to within 0.5 blade tip thickness by making adjustments to

the pitch links. The authors noted that thrust reversal was observed at high advance

ratios between µ = 0.9 to 1.0, and that rearward longitudinal shaft tilt improved

the rotor lift-to-drag ratio as expected (Fig. 1.10). Reverse chord dynamic stall was

clearly evidenced by the pressure measurements on the suction side of the blade in

the reverse flow region, despite sensor failure in many of the spanwise stations in

Figure 1.9: The articulated UH-60A hub outfitted with data acquisition components.
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the reverse flow region. Dynamic loads at and above µ = 0.8 on the slowed rotor

were equal to or greater than the nominal rotor RPM at µ = 0.3 − 0.4, which was

thought to be a result of significant differences in airloads along the span of the rotor

on the advancing side. The 4/rev vibratory loads were comparatively mild, reaching

only half the amplitude of the 4/rev vibratory loads at the nominal rotor speed in

spite of very high structural blade loads. This was attributed by the authors to a

wide rotor frequency gap between the second flap and first torsion blade modes at

40%NR.

Figure 1.10: Rotor performance decreased with advance ratio, but this effect was
lessened with 4◦ aft shaft tilt.

Berry and Chopra (2011-2015) conducted five slowed rotor tests on fully ar-

ticulated, 4-bladed hub in the Glenn L. Martin Wind Tunnel (GLMWT) at the

University of Maryland, achieving advance ratios up to µ = 1.61 [19–24]. The first

wind tunnel entry in 2009 investigated a 6 ft diameter rotor with constant-chord
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SC1095 blades and −12◦ twist up to an advance ratio of 0.66 [19]. In 2011, this

test was expanded to an advance ratio of 1.2 [20]. The third experiment in 2012

tested a rotor that had untwisted NACA 0012 blades, each with a 2.78 ft radius

and 3.15 in. chord, to µ = 1.0 [21]. Results from these first three tests showed

that thrust reversal occurred between advance ratios of 0.8 and 0.9 regardless of the

blade camber, airfoil section, or twist, and that 4/rev vibratory loads demonstrated

no correlation to mean thrust or advancing tip Mach number.

One year later, a fourth wind tunnel test incorporated 24 pressure sensors at

49% span into one blade and 6 strain gauges at various spanwise locations into the

opposing blade. The other two blades were left non-instrumented. Strain gauges

were bonded to two of the pitch links to obtain pitch link loads, and the wind tunnel

test envelope was also expanded to test the rotor at advance ratios up to 1.4 [22]. The

test stand in the GLMWT is shown in Fig. 1.11. However, because of dissimilarity

between the instrumented and non-instrumented pair of blades, satisfactory trim at

the higher advance ratios could not be achieved, and failure of more than half of the

integrated pressure sensors prevented the airloads from being accurately determined.

4/rev hub loads were shown to increase with advance ratio, but it was unclear

whether this was due to high rotor loads or an insufficiently trimmed rotor.

The fifth and final test in 2014 [23, 24] was operated between 40%NR to

20%NR, with most of the data taken at 30%NR. The maximum advance ratio

achieved was 1.61 at 0◦ collective pitch and 20% nominal RPM. Large collective

sweeps were performed at several advance ratios above 1.0, and lessons learned from

the previous tests kept blade instrumentation from failing during testing. Measured
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data included six-component hub loads, shaft torque, root flapping angles, pitch

link loads, structural loads, and airloads at 30% span. Rotor blade geometry, iner-

tial distribution, and stiffnesses were reported, and the author noted difficulties in

tracking and trimming the rotor were experienced at the highest µ. Performance

and vibratory loads, rotor flap and and control angles, airloads, and structural loads

were presented; the authors observed collective-thrust reversal at higher advance ra-

Figure 1.11: The 4-bladed, fully articulated rotor tested by Berry at the University
of Maryland.
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tios than previously observed in the literature, evidence of reverse chord dynamic

stall in the blade torsion and pitch link loads, and an increase in performance and

vibratory loads with increased advance ratio.

Wang, Saxena, and Chopra (2016) utilized the same 4-bladed, articulated test

stand as Berry at al. for additional wind tunnel testing [25]. The rotor had a NACA

0012 airfoil with no twist or taper, and was operated at 900 RPM (40%NR) for most

of the tests to avoid resonance between the slowed rotor and blade frequencies. Of

the two pairs of blades, one pair was outfitted with embedded pressure sensors;

for the second pair, only one blade was instrumented with strain gauges while the

second blade was left non-instrumented. Difficulties in trimming and tracking the

rotor at higher advance ratio were attributed to this dissimilarity in the blade set,

and performing a test with uniform blades was recommended for future work. The

tests performed collective sweeps from −4 to 12 degrees for most flight conditions

and ranged between advance ratios of 0.3 to 0.8. An additional advance ratio sweep

to µ = 1.15 was conducted for fixed 4◦ collective, though the results were not

reported. Measured data included six-component hub loads (the yaw moment was

not used), shaft torque, rotor RPM, blade root flapping angles, pitch link loads,

airloads at 30% span, and structural blade loads. Reverse flow dynamic stall was

evidenced by the pressure sensors on two of the blades. The declining sensitivity of

rotor thrust to collective at increasing advance ratios was observed in the collective

sweeps up to µ = 0.8, with negative thrust at the single points above µ = 1.0; this

occurred even when dynamic stall pressure peaks were not evident and was therefore

concluded to be unrelated to dynamic stall.
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The data was analyzed using the University of Maryland’s comprehensive ro-

torcraft code, UMARC, to correlate the experimental results with predictive models.

The authors concluded that rotor thrust, drag, torque, and lift-to-drag ratio were

all well-predicted, though the correlations tended to deteriorate at high advance ra-

tios. The control angles were well matched, meaning this analysis could be utilized

to achieve trim faster in future tests. The predicted vibratory loads captured the

trends, though the experimental results were underpredicted at lower advance ratios

and overpredicted at higher advance ratios. The authors attributed this to either

modeling inaccuracies or blade dissimilarity. Overall, the comparisons showed that

though the data trends were well captured, the analysis tended to under-predict the

magnitudes at high advance ratios.

1.2.2 Numerical Studies

In 2008, Frank Harris [26] evaluated five state-of-the-art computational meth-

ods against three sets of isolated rotor experiments to demonstrate the improved

capability – and persistent inability – to predict loads, control settings, and perfor-

mance at high advance ratios. The five methods evaluated in this study included

autogiro theory from 1934, CAMRAD II and RCAS comprehensive code with lifting

line aerodynamics, the lifting surface aerodynamics in CHARM, and a CFD-CSD

analysis incorporating OVERFLOW-2 with CAMRAD II. The full-scale isolated

rotor tests used were from Wheatley’s PCA-2 experiments [10], the H-34 tests con-

ducted by McCloud, Biggers, and Straub [13], and the Charles and Tanner [14]
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UH-1D rotor tests.

The predictions from the modern codes demonstrated much more accurate

lift-to-drag ratios, between 7 and 9, which was in sharp contrast to previous predic-

tions of up to 15 from 1934 autogiro rotor theory. All of the analyses modeled the

decreasing sensitivity of thrust to collective, demonstrating collective-thrust reversal

at advance ratios near 1.0. The CFD analysis could not accurately model reverse

flow and the resultant effects on the rotor, and the comprehensive codes failed to

predict the lateral cyclics required for trim. All of the codes failed to predict rotor

H-force and shaft power, which the author attributes to inaccurately accounting for

shank drag as well as a faulty understanding of reverse flow modeling. Harris con-

cluded that although significant progress in predictive capability was evident from

the comparison of modern to 1934 theory, none of the codes could accurately pre-

dict the H-34 controls or shaft angle required for a given lift condition for advance

ratios higher than 0.62. Additionally, the experimental data above µ = 1.05 was

considered unreliable for use in correlations between theory and test, at least in part

because of difficulties achieving a constant trim state.

Floros and Johnson [27] performed analysis of a slowed rotor compound air-

craft up to µ = 1.45 in 2009 using the experimental results obtained by Jenkins [12]

to validate the methodology. With the exception of a notable offset between test

data and analysis, good correlation with thrust was generally achieved; however,

predictions degraded with shaft tilt (Fig. 1.12). Thrust reversal was modeled be-

tween advance ratios of 0.9 and 1.0, and shaft torque trends were well modeled,

despite differences in the actual magnitudes and slopes. The authors conclude that
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performance trends were well predicted by CAMRAD II analyses at high advance

ratio using a rigid blade model.

Bowen-Davies and Chopra (2014-2015) used the University of Maryland’s com-

prehensive rotorcraft code, UMARC, to correlate predictions with the slowed-rotor

UH-60A experimental dataset [28] and later with experiments performed by Berry

and Chopra [29] (see Section1.2.1) at the University of Maryland Glenn L. Martin

Wind Tunnel.

For the UH-60A rotor analysis, rotor thrust and trim controls correlation de-

graded at advance ratios above µ = 0.7, while drag predictions were shown to

significantly improve by including a root shank drag correction and the effects of a

faired fuselage, modeled with an upwash factor. Because lateral cyclic counters the

effects of upwash on the front of the rotor in trim, the predicted thrust increased

only slightly by including fuselage upwash. Lift-to-drag ratio was very well predicted

for all advance ratios, and the inclusion of yawed flow corrections improved thrust

correlations by delaying reverse flow dynamic stall. Oscillatory and vibratory loads

predictions were well-captured for all advance ratios, and airloads correlations were

significantly improved by adding a second trailing vortex at the blade root.

The modified UMARC code was also used to analyze the Mach-scale artic-

ulated rotor experiments carried out by Berry and Chopra in 2014, as reported

in [23, 24]. Rotor thrust was well predicted up to an advance ratio of 0.825, but

only predicts thrust reversal near µ = 0.9 for collective angles with magnitudes of

three degrees or less. When the retreating side blade pitch exceeds the stall angle,

the lift in the reverse flow region dropped off and the thrust was dominated by the
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Figure 1.12: Rotor thrust versus collective for high advance ratio at a) shaft angle
of 0.5 degrees aft and b) shaft angle of 5.5 degrees aft.
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Figure 1.13: Validation of lateral (θ1C) and longitudinal (θ1S) cyclics, showing only
a small 1◦ to 2◦ offset.

front and rear portions of the rotor disk. This causes the predicted thrust reversal

to drop off, instead of continuing to decrease thrust levels with increased collective

angle. Thrust reversal was shown to be sensitive to reverse flow stall angles, root

cut-out, nose-down blade twist, and yawed flow corrections. Rotor trim cyclics were

well-matched; both the lateral and longitudinal cyclics displayed a small offset of

only one to two degrees and showed evidence of thrust reversal at small collectives

(Fig. 1.13). Rotor H-force and shaft torque predictions deteriorated at high advance

ratios due to the under-prediction of reverse flow drag after the retreating side blade
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reached stall, but agreed well at low µ. The measured drag force on the rotor at low

advance ratios was smaller than the measured error, indicating uncertainty in the

experimental data that does not reflect on the analysis. 4/rev vibratory hub loads

increased significantly with advance ratio due to resonance between the second flap

frequency and the 4/rev loads, and poor correlation of the in-plane vibratory loads

suggests that the measurements may have been impacted by the resonance effects.

Potsdam, Datta, and Jayaraman (2016) performed coupled CFD-CSD analysis

on the UH-60A experimental dataset previouly obtained in the large-scale wind tun-

nel at NASA Ames Research Center [18]. The analysis used coupled computational

fluid dynamics (CFD) predictions from Helios and comprensive structural dynamics

(CSD) modeling from RCAS, a comprehensive rotorcraft code. The objective of the

analysis was two-fold: first, to validate the methodology using detailed experimental

measurements, and second, to use the validated analysis to explore the physics of a

slowed-rotor in high advance ratio regimes.

RPM sweeps from 100% to 40% nominal rotor speed (NR) and advance ratio

(µ) sweeps from 0.4 to 1.0 were performed with varied collective pitch angles. The

authors concluded that throughout the range of tested advance ratios, differential

loading was observed on the advancing side airloads, structural deformations, and

trim settings. Correlated airloads, rotor control angles, and normal force matched

well (Fig.1.14), but pitching moment predictions agreed poorly with experimental

data, underpredicting negative pitching moment impulses on the advancing side and

overpredicting positive impulses on the retreating side. The strength of reverse flow

dynamic stall vortices captured by flow visualization techniques and pressure sensors
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Figure 1.14: Potsdam et al. compare predictions (solid markers with lines) of rotor
thrust and trim cyclics to test data (markers with no fill and no lines).
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on the blade was underpredicted by CFD analysis, and wake visualization showed

highly complex flow fields dominated by root and tip vortices, reverse flow effects,

and blade-vortex interactions. Performance correlations were favorable, accurately

capturing rotor drag and torque trends, and suggested improvements to shank drag

was needed to further improve predictions.

1.2.3 Summary of Previous Work

Based on the available literature on the aeromechanics of slowed rotors at high

advance ratios, there are some general conclusions that can be drawn:

1. Rotor performance has been previously measured in experiments involving

high advance ratios, and despite errors in some aspects such as rotor track-

ing, predictive analyses are generally capable of modeling rotor performance

sufficiently well. Rotor thrust and shaft torque are predicted sufficiently well

for design purposes; however, rotor drag is not well predicted, and is often

only correctly modeled after ad-hoc experimental correction factors are incor-

porated into the analysis. A common source of error is blade root (shank)

drag, which dominates at high advance ratios and must be properly accounted

for to avoid underestimating the drag prediction at high µ. Despite errors in

predicted drag, relatively good predictions in lift and shaft power result in a

sufficiently good correlation of rotor lift-to-drag ratio.

2. Vibratory loads have been less widely measured in high advance ratio experi-

ments, and have only been provided for two scale rotors [22, 24] and the UH-
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60A full scale tests [18,30]. More vibratory loads measurements are needed to

provide a comprehensive and reliable dataset for validating predictive models.

3. Rotor blade similarity is critical to improve rotor track and trim and to model

rotor behavior accurately at high µ. Very few prior research efforts on slowed

rotors at high advance ratios, with the notable exceptions of the UH-60A

Airloads program [17] and Berry et al. [31], have provided a complete set of

rotor blade structural and inertial properties. Many authors [25, 31, 32] have

attributed difficulties tracking and trimming the rotor at high µ to dissimi-

larities within the set of blades, which is primarily the result of incorporating

instrumentation and sensors into the blade structure.

This work will help to address this gap by investigating the aeromechanics of

a slowed rotor with highly similar blades up to an advance ratio of 0.9. Measured

data includes rotor performance – thrust, drag, and shaft torque – in addition to

vibratory hub loads, and the control settings and rotor flapping motion are also

measured to provide a data set for validating predictive models.

1.3 Scope of Present Research

There are two main objectives of the present research: 1) experimental ob-

servations and data collection of a slowed rotor with highly similar blades at high

advance ratios, and 2) validation of the comprehensive analysis tool, UMARC, us-

ing the experimental measurements to build upon the existing understanding of

the aeromechanics of a slowed rotor in the high advance ratio flight regime. This
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work investigated a 4-bladed, fully articulated Mach-scale rotor with uniform, non-

instrumented blades, which was tested in a wind tunnel up to µ = 0.9. The rotor

was 5.6 ft in diameter, with a Lock number (γ) of 4.96 and a solidity (σ) of 0.12.

The blades were untwisted and untapered, and utilize a NACA 0012 airfoil in order

to provide a useful data set for the validation of analytical models. Special care was

taken to build a set of highly similar blades possessing less than 5% variance in their

structural and inertial characteristics.

The measured data included steady and vibratory hub forces and moments,

shaft torque, blade root flap and pitch motion, and control settings (collective and

cyclic angles). Collective sweeps were performed at each advance ratio, all of which

were achieved by first setting the rotor RPM and subsequently adjusting the wind

tunnel speed. At each new flight condition, the rotor was tracked and trimmed to

zero first harmonic flapping.

Three rotor speeds (700 RPM, 900 RPM, and 1200 RPM) were tested, corre-

sponding to 30%, 40%, and 50% of nominal rotor speed. While the vast majority of

tests were performed with a simplified fuselage, limited tests were conducted without

the fuselage to determine the effects at low and high advance ratio. Root collective

pitch sweeps ranged from −2 to 12 degrees, and longitudinal shaft tilt from −4 to

4 degrees was applied at high µ.

This data set will be used to further validate the UMARC comprehensive

rotorcraft analysis code at the University of Maryland. The measurements were

compared to results from UMARC analysis, revealing significant improvements in

the correlation between measured and predicted rotor drag. Improvements in rotor
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track and trim were also observed, demonstrating the value of blade similarity. The

correlations between the experimental measurements and the UMARC predictions

as well as the effect of increased blade similarity are the focus of this thesis.

1.4 Contributions of Present Research

The present research provided important refinements to scale-rotor wind tun-

nel testing and benchmark validation of comprehensive analysis using the same

measured data. Key contributions include:

1. A uniform, non-instrumented blade set was constructed and structurally tested

to ensure similarity between all four blades within 2.5% variance.

2. Higher blade similarity reduced difficulties in achieving rotor track and trim

targets for advance ratios up to 0.7.

3. Direct sensing of blade root pitch provided better measurement accuracy than

in prior work and therefore a higher quality data set.

4. To compliment prior work, which carried out tests at 700 RPM (30%NR),

the majority of testing was completed at 900 RPM (40%NR) and 1200 RPM

(50%NR) and achieved more realistic advancing tip Mach numbers up to 0.53.

5. An expanded shaft tilt envelope of −4 degrees to +4 degrees (positive aft) at

µ = 0.5, 0.7, and 0.8 demonstrated the benefits of positive longitudinal shaft

tilt on lift-to-drag at high advance ratios.
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6. A limited study on the effects of rotor-fuselage interactions at low (µ = 0.3)

and high (µ = 0.7) advance ratios indicates that the fuselage has negligible

effects on rotor performance, but does demonstrate a potential influence on

lateral trim cyclic for this rotor-fuselage combination.

7. Validation of UMARC predictions using measured data shows good agreement

of rotor performance, including improved drag correlations from prior work.

8. UMARC correlations in vibratory hub loads show similar trends, despite under-

predictions in magnitude.
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Chapter 2: Fabrication and Testing of Composite Rotor Blades

2.1 Overview

Reducing rotor blade dissimilarity is essential to obtaining accurate and reli-

able baseline performance and vibratory loads data. Dissimilarities in the blades

cause differences in blade motion and large 1P (one per rotor revolution) forcing,

particularly at high advance ratios. While it is possible to build highly similar com-

posite blades that track well, this has traditionally been achieved in industry by

specialized, highly skilled personnel and at great expense [33].

The blades described in this work are of a legacy design that has been used by

graduate students and research staff for many years at the University of Maryland

[31, 34]. The rectangular rotor blade is 28 in. long with a 3.15 in. chord, and

has no twist, taper, or sweep to maintain simplicity for validation of computational

analyses. The 4-blade articulated rotor has a hinge offset of 6.4% and a root cutout

of 16.4%, and the symmetric NACA 0012 blade design utilizes a well understood

and widely-used airfoil to obtain baseline performance data and to provide useful

datasets for computational validation. Inspired by the UH-60A rotor, the model

rotor used in this research operates at a nominal rotational velocity of 2300 RPM in

hover with an advancing blade tip Mach number of 0.60. The rotor properties are
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summarized in Table 2.1.

The incorporation of sensors into the blade structure inherently affects the

internal characteristics of the blade, and has been shown to introduce up to 5%

variance in the structural and inertial properties of the University of Maryland ro-

tor blades [25]. To ensure a highly similar blade set for this work, a number of

non-instrumented rotor blades were constructed and put through extensive struc-

tural testing to quantify the inertial, dynamic, and geometric properties. The four

blades used in testing were selected to minimize discrepancies in the demonstrated

structural and dynamic characteristics.

Table 2.1: UMD Mach-scale rotor properties

Parameter Value

No. of blades 4
Blade profile NACA 0012
Blade radius, in. (m) 33.4 (0.843)
Blade chord, in. (m) 3.15 (0.080)
Rotor solidity 0.120
Nominal RPM 2300
Lock no. 4.96
Tip Mach no. 0.60
Tip Reynolds no. 1.1x106

Hinge offset 6.4%
Root cutout 16.4%

Figure 2.1 outlines the model blades used in this research, which consist of

a dense foam core for structural support, a flat composite spar for bending and

torsional stiffness, ±45 degree carbon fiber skin to maintain a smooth airfoil profile

and provide torsional stiffness, and leading edge weights for proper CG (center of

gravity) placement.
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Figure 2.1: Structural components of the UMD model rotor blade.

2.2 Equipment and Materials

The blades used in this research were fabricated in-house at the University of

Maryland Rotorcraft Center. As shown in Fig. 2.2, the blades were constructed

using Rohacell 31 foam, IM8 unidirectional graphite-epoxy fiber, 3K-70-CSW ±45

degree graphite-epoxy composite plies, Cytec FM 300 adhesive film, 6061 aluminum,

and tungsten-carbide weights. The blade components were milled out and oven-

cured in a two-piece aluminum mold, then sanded and finished by hand.

2.3 Construction Procedures

A set of procedures developed over many years of testing at the University of

Maryland Rotorcraft Center has been refined and improved to ensure repeatability in

blade construction. This is significantly more difficult to achieve with instrumented

blades, as the introduction of sensors into the structure can affect the stiffness and
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Figure 2.2: Materials used in the fabrication of the UMD model rotor blade.

inertial distribution of the blades. Therefore, the blades used in this work were not

outfitted with pressure sensors or strain gauges in an effort to preserve uniformity

during blade construction. In each step of the blade manufacturing process, mul-

tiples of each component were formed, weighed, and checked for uniformity before

moving on to the next step in the construction procedures. This allowed imper-

fections or abnormalities to be identified at the source of the dissimilarity, and the

problematic subcomponent was fixed or replaced before advancing to the next step

in the fabrication process. Thus, each set of subcomponents was determined to be

sufficiently similar at every phase of construction.
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2.3.1 Composite Spar

The composite spar consists of cured unidirectional carbon fiber wrapped

around an aluminum root insert, which transfers the blade loads to the hub and

serves as the connection point for the blade grip. A CNC (computer numerical

control) mill was used to drill the three holes forming the blade grip attachment

with maximum precision. The root insert, which possesses a shape resembling an

elongated teardrop, was milled out of a 0.32 in. thick block of 6061 aluminum. Next,

the root insert was wrapped in a layer of film adhesive in preparation for bonding

to the rest of the spar.

Figure 2.3: Unidirectional carbon fiber strips wrap around an aluminum root insert
to form the spar.

To form the composite spar, eight 0.32 in. by 58 in. strips of the graphite-

epoxy unidirectional prepreg were laid into a 0.32 in. aluminum mold (Fig. 2.2(b))
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and wrapped around the aluminum root insert (Fig. 2.3(a)). The excess strip

lengths were trimmed to allow the mold to close, then the mold was fully clamped

and placed into the oven to cure at 350◦F (177◦C) for 150 minutes, in accordance

with the curing cycle of the adhesive. After curing, the spar was sanded and trimmed

to size (28 in. long by 0.32 in. wide) and a square 1.5 in. strip of unidirectional

graphite-epoxy was wrapped perpendicularly around the spar at the tapered edge

of the root insert before repeating the cure cycle once again. This last step provided

additional strength and prevented delamination at the tip of the root insert. The

cured spar is shown in Figure 2.3 along with the blade root insert.

2.3.2 Foam Core

Next, the 0.375 in. thick foam core sheet was cut to the size of the aluminum

blade mold (28 in. long by 3.15 in. wide), placed within the mold and tightened in a

star-pattern sequence to ensure even compression, and heated in the oven at 350◦F

for 90 minutes. This process allowed the heated foam to expand to fill the mold,

forming the desired aerodynamic profile and maintaining the geometric shape of the

airfoil after cooling. The cooled foam was removed from the mold and trimmed to

a 3 in. chord length, then a 1/8 in. end mill was used to cut the foam at 1/4 of

the finished blade chord (0.787 in. from the leading edge). This cut allows the spar

to fit seamlessly between the two foam pieces, which form the leading and trailing

edges of the blade, with no gaps.

Once the two foam pieces and the spar fit together satisfactorily, the foam
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Figure 2.4: The foam core is molded into shape and cut at quarter chord, then
discrete tungsten-carbide weights are wrapped in film adhesive and installed along
the leading edge.

piece forming the leading edge was precisely milled using the CNC machine and a

ball end mill to cut eight slots in the leading edge of the foram. Within each slot,

eight tungsten-carbide 9/64 in. diameter rods, each 2.5 in. long and wrapped in a

layer of film adhesive, were placed into the foam core such that the rods were flush

with the leading edge. The weights were evenly distributed along the entirety of

the blade span to move the center of gravity of the blade forward of the quarter

chord. Then the two foam pieces and the spar were wrapped in the film adhesive

and pressed together to form the inner structure of the blade.

2.3.3 Graphite-Epoxy Carbon Fiber Skin

Finally, an oversized section of ±45 graphite-epoxy carbon fiber was cut and

laid over an equally-sized piece of release film, as shown in Fig. 2.5. The leading edge

of the inner structure of the blade was centered within the carbon fiber skin, and the
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Figure 2.5: The inner structure is wrapped in a film adhesive and overlaid with a
carbon fiber sheet. Blue release film is used to protect the carbon fiber from debris
and ensure easy removal from the mold after cure.

skin was folded over and smoothed to eliminate any wrinkles or air bubbles. The

excess carbon fiber and release film was trimmed to fit snugly within the aluminum

mold, which was tightened and placed into the oven to cure at 350◦F for a final 150

minutes. The finished blade was removed and trimmed to exactly a 28 in radius

and a 3.15 in. chord, and the three holes for the blade grip were re-drilled, using

Table 2.2: Blade component weights

Component Mass (g) % Total Blade 1 Blade 2 Blade 3 Blade 4

Root insert – 14.6 14.5 14.6 14.7
Complete spar 21% 43.2 42.0 41.7 40.9
Foam core 11% 22.2 22.4 22.3 22.4
LE weights 39% 76.1 76.1 76.1 76.1
Film adhesive 13% 24.3 25.3 25.7 26.4
Carbon fiber skin 16% 31.6 31.7 31.6 31.5

Final blade 100% 197.4 197.5 197.4 197.3
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the holes in the root insert as guides. Any imperfections in the outer surface of the

blade were filled with epoxy and sanded to a smooth finish. The weights of each

component as well as the final blade weights are listed in Table 2.2.

2.4 Structural Testing

Structural testing of the blades is vital to understanding the structural and

inertial characteristics of the blades and accurately modeling the behavior of the

rotor, particularly at high advance ratios. The structural properties of these blades

are described in detail in the following subsections and a summary is provided in

Table 2.3. More blades were manufactured to achieve a set of four blades with a

high degree of similarity, and finally the four blades with the most similar structural

and inertial characteristics were used for wind tunnel testing.

Table 2.3: Measured blade structural properties

Parameter Blade 1 Blade 2 Blade 3 Blade 4 % Variance

Mass, kg m 0.1974 0.1975 0.1974 0.1973 0.05
Natural frequency, Hz fn 13.5 13.4 13.0 13.0 2.08
Flap inertia, kg-m2 Ib 0.0578 0.0592 0.0587 0.0592 0.84
EIflap, Nm2 EI 29.3 30.8 30.8 29.4 2.53
GJ, Nm2/rad GJ 23.3 23.7 23.5 23.8 0.95

2.4.1 Mass and Inertia Matching

Great care was taken during blade construction to ensure the masses of inner

components were consistent. The final blade set demonstrated a 0.05% variance
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in mass with an average of 0.1974 kg per blade, emphasizing the consistency and

uniformity of the blade manufacturing process. The flapwise inertia about the flap

hinge was measured for each rotor blade, which is an important parameter in the

blade flap equation for a rotor in flight and can be calculated from Eq. (2.1) using

the total mass m, the center of mass location x, and the period of oscillation T .

T = 2π

√
I

mgx
(2.1)

The center of mass of the blade and blade grip was calculated using calipers

and a digital scale, and a pendulum-type experiment was conducted to measure the

blade inertia. Each blade was hung vertically from a bar and allowed to swing freely,

and the resulting oscillations were measured using a Hall effect sensor and recorded in

LabVIEW. Because the flap and lag hinges on the rotor hub are coincident, the flap

inertia is approximately equal to the lead-lag inertia. This allows the blade to swing

in the lead-lag direction, reducing the aerodynamic damping that would be incurred

by swinging in the flapwise direction. Fig. 2.6 shows the experimental setup: the

blade and model blade grip were hung from a smooth rod resting between two rigid

metal supports, and a bearing in the blade grip reduced the effects of friction during

oscillation.

The 3D-printed blade grip was used as a placeholder for the hub’s aluminum

flap hinge for structural testing of the blade, though the lengths and masses of

the metal components of the blade grip were used to calculate the total inertia of

the blade assembly. To record the angular position of the swinging blade, a small
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Figure 2.6: The blade hinge swings from a frictionless bearing while a Hall effect
sensor records the angular displacement caused by the oscillations.

magnet was epoxied to the blade grip within range of a Hall effect sensor mounted

to the rod. The voltage peaks represent the point in time when the blade is perfectly

vertical; thus, a full oscillation occurs between every other peak. For the first trial

shown in Fig. 2.7, each oscillation is indicated by the black circular markers.

2.4.2 Frequency Response

The rotating flapping frequency of the rotor system, νβ, is a key index of its

dynamic characteristics. Most articulated rotor hubs have flap frequencies between

1.0/rev (no hinge offset) and 1.05/rev. The UH-60A rotor has a first flap frequency
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of 1.035/rev [34], while the model rotor used in this research was determined to have

a first flap frequency of 1.047/rev.

The vibratory characteristics of the nonrotating blades were determined for

both forced and unforced conditions. The cantilevered blades were hung vertically

while an electro-mechanical shaker with a magnetic tip in combination with a 25

mm short-range laser were used to precisely measure the blade oscillations. A small

magnet was placed on the blade in line with the magnet-tipped shaker to allow

for non-contact forcing. The phase offset of the magnetic forcing was considered

to be negligible after comparing results to the unforced response. A rap test was

performed to determine the unforced natural frequency of each blade, then the

electric shaker was used to run through a frequency sweep to determine additional

modal frequencies. The experimental setup is illustrated in Fig. 2.8, and a sample

of the data collected is shown in Fig. 2.9. The final four blades demonstrated a

Figure 2.7: Multiple trials provided an average period of oscillation for each blade.

43



Figure 2.8: Experimental setup for forced frequency response tests.

2.08% variance in natural frequency, as shown in Table 2.3.

2.4.3 Bending and Torsional Stiffness Tests

The composite spar is the main structural element of the rotor blade, carrying

the centrifugal forces and providing the bending and torsional stiffness of the blade.

First, the spar must be capable of withstanding the high centrifugal loads achieved

during normal operation. Tensile testing of the spar during the initial blade design

demonstrated the ability of the spar to withstand centrifugal loads well above those

encountered during hover and wind tunnel testing [34]. Second, the spar provides

the bending and torsional stiffnesses of the blade, which must be quantified and

compared to those of the other rotor blades to be used in testing.
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Figure 2.9: Sample of the natural frequency data collected for each blade.

Each rotor blade underwent testing to determine its bending and torsional

stiffness and was analyzed as shown in Eqs. (2.2), (2.3), and 2.4. The high aspect

ratio rotor blade is modeled as a one dimensional Euler-Bernoulli beam with its

elastic axis along the quarter-chord. The blade was considered to have uniform

stiffness and uniform distributed blade mass per unit span, and the flap-wise bending

stiffness was measured via a gravity loading technique as shown in Fig. 2.10.
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Figure 2.10: A blade modeled as an Euler-Bernoulli beam in bending.

Figure 2.11: Beam deflection across the blade span and under varying loads.

d2w

dx2
=
M

EI
(2.2)

dw

dx
=

∫ L

0

−mg(L− x)

EI
dx (2.3)

EI =
mgL

2(dw/dx)
(2.4)

By measuring the blade deflection for a given loading across multiple span-

wise locations, the outboard bending slope was measured and the flapwise bending
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stiffness was calculated. This is shown in Fig. 2.11, which also shows the beam

displacement was measured for a range of loads. After a second integration of the

Euler-Bernoulli equation, these displacements were used to calculate the stiffness

for each loading. An average of these points was taken and showed the two meth-

ods were similar; however, each integration introduces some error, and therefore the

first method was used to determine the stiffness of each of the blades. The flapwise

bending stiffness of the final four blades selected for testing differed by 2.5%, half

the variance of previous tests.

The same technique was used to measure the blade torsion stiffness, GJ, ac-

cording to the analysis shown in Eqs. (2.5), (2.6), and (2.7). The same gravity

loading technique, as shown in Fig. 2.12 and 2.13, was also used.

Figure 2.12: A blade modeled as an Euler-Bernoulli beam in torsion.

47



dφ

dx
=

T

GJ
(2.5)

φ =

∫ L

0

T

GJ
dx (2.6)

GJ =
mgrL

φ
(2.7)

Figure 2.13: Experimental setup for torsion and stiffness tests.

The torsion angle was measured for both leading edge and trailing edge loads

(Fig. 2.14) and the resulting stiffnesses were averaged to obtain the final value used

for comparison. The final set of blades selected for wind tunnel testing demonstrated

a 1% variance in torsional stiffness.
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Figure 2.14: Blade torsion angle at various weights.

2.4.4 Blade Balancing

The blades should be balanced such that the center of rotation of the rotor is

also at the center of the hub.If the center of rotation about the hub is misaligned,

the resulting imbalance can cause a variation in the centrifugal loading azimuthal

history and a large 1/rev in-plane vibratory forcing. To avoid this and to reduce

vibration, the blades should be both statically and dynamically balanced. Before

dynamically balancing (“tracking”) the spinning rotor on the test rig, the blades

must be checked for static spanwise and chordwise balance. The chordwise center of

gravity (CG) of the blades must be at or ahead of the aerodynamic center, which is

located at the quarter-chord of the blade, to avoid aeroelastic pitching instabilities

during wind tunnel testing. This is particularly important for the blades used in this

research, since the flat spar utilized in this blade design reduces torsional stiffness.
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Figure 2.15 illustrates this process; each blade was balanced on a smooth metal

bar to find the chordwise CG location, and the balance point was measured with

calipers to ±0.001 in. precision. The blades were then balanced on a needle-edged

Figure 2.15: Chordwise and spanwise balancing of the blade.

point to check the spanwise weight distribution and resulting moment balance of

each pair of blades. Using small strips of aluminum tape, weight was added to the

tip of the blade until balance was achieved. The balanced blade pairs were noted

and subsequently installed on the rotor hub for hover and wind tunnel testing.
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Chapter 3: Experimental Test Setup

3.1 Testing Methodology

The research described in this work utilized the facilities and equipment housed

within the Alfred Gessow Rotorcraft Center (AGRC) laboratories, including an

articulated rotor test stand, hover tower, and data acquisition system as well as the

University’s Glenn L. Martin Wind Tunnel (GLMWT). These are further described

in the following sections. This research expanded the envelope of previous tests,

investigating the effects of a fuselage, larger shaft tilt and collective angles, and

higher rotor RPM.

3.2 Rotor Test Stand

The AGRC rotor test stand is a mobile test bed for the University of Mary-

land’s scale rotor models that can be mounted atop the AGRC hover tower or

installed in the GLMWT for investigations involving forward flight.

The rotor stand is compatible with multiple hub types, and for this research

a fully articulated, four-bladed rotor hub was installed on the rotor stand (Fig.

3.2). The articulated hub consists of overlapping flap and lead-lag hinges, and
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Figure 3.1: The AGRC test stand is operated by a 75 hp electric motor that drives
a hydraulic pump to power the rotor’s belt-driven pulley system.

Figure 3.2: Fully articulated rotor hub (left) and blade grip assembly (right).
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a steel-strengthened elastomeric tension-torsion bar in each blade grip assembly

allows for blade feathering. A steel platform supports a floating six-component hub

balance and has mounts to accommodate a custom-built 3-D printed nylon fuselage.

Three linear variable displacement transducers (LVDTs) measure the swashplate

displacement to calculate the control angles, recording the collective, lateral cyclic,

and longitudinal cyclic angles of the rotor.

Mounted on the rotor shaft, a 150 channel slipring transfers rotating frame

signals from hub and blade sensors into the fixed frame. The rotor is powered by a

56 kW (75 hp) electric-driven hydraulic pump capable of operating the drive belt

system at a maximum of 2500 RPM.

3.2.1 Hub Force and Moment Measurements

A six-component balance mounted to the hub measures static and dynamic

forces and moments in all three axes, while an additional torque cell affixed to the

rotor shaft measures the required shaft torque. The torque cell was calibrated and

was determined to have an estimated measurement uncertainty of 1.5% [34].

Shaft encoders record the rotor RPM at 1/rev and 60/rev and were used in

conjunction with a rotary Hall effect sensor to track the rotor azimuth. A 150

channel slipring custom-built by Fabricast and connected via a flex coupling to the

rotor shaft converts the rotating frame signals into the fixed frame.

A three-axis ±16 g accelerometer captures the fixed frame vibratory motion

of the rotor test stand, and a static calibration performed of the balance [31,34] was
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used to determine the estimated error and uncertainty in the hub loads measure-

ments, as shown in Table 3.1.

Table 3.1: Hub balance error estimates

Axial Side Normal Roll Pitch Yaw
FX (lb) FY (lb) FZ (lb) MX (in-lb) MY (in-lb) MZ (in-lb)

Cal Range 100 100 120 650 650 -
Max Error 0.39 0.41 0.73 4.08 4.16 -
Min Error -1.89 -0.91 -0.67 -5.84 -11.09 -
95% Confidence 0.47 0.30 0.51 3.04 2.99 -

3.2.2 Blade Pitch and Flap Measurements

As shown in Fig. 3.3, the rotor hub is instrumented such that the root pitch

and flap angles of each blade is known. Strain gauges bonded to two of the four

pitch links provide pitch link loads for opposing rotor pairs, and Hall effect sensors

on each blade grip directly measure the individual blade pitch and flap angles in

the rotating frame. The pitch and flap sensor calibrations were performed using a

digital inclinometer (±0.5◦) to correlate the sensor output voltage to the full range

of blade positions.

In addition to the direct pitch measurement at the blade root, three fixed frame

LVDT sensors monitor the three swashplate actuators that control rotor collective,

lateral cyclic, and longitudinal cyclic and provide additional blade pitch information.

Due to some play in the hub components, the direct blade measurements from the

Hall effect sensors were found to give better correlation during testing (Fig. 3.4),

shown by the variation of shaft torque for increasing collective in hover.
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Figure 3.3: The fully articulated hub was instrumented to measure pitch link loads
and the pitch and flap motion of each blade.

Figure 3.4: Direct pitch measurement from the rotating frame provides higher qual-
ity data correlation.
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3.3 Hover Tower Tests

The University of Maryland hover tower, shown in Fig. 3.5, is a prominent

fixture within the AGRC that is primarily used to investigate the aeromechanics of

a rotor in hover. It is also useful for testing the reliability of hub and blade sensors,

rotor stand instrumentation, and the data acquisition system in the highly loaded

environment of a spinning rotor before adding the additional complexity of forward

flight testing in the wind tunnel.

Figure 3.5: The AGRC hover tower at the University of Maryland.

The hover tower stands 6 ft tall such that when the rotor test stand is mounted

atop the tower, the plane of the rotor disk is 12 ft from the ground. The 2.78 ft

radius rotor is slightly more than two rotor diameters from both the ground and the
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ceiling, respectively enabling out-of-ground-effect in hover and unrestricted inflow.

The rotor was tested on the hover tower to ensure all equipment, sensors, and

instruments were performing reliably and to collect performance data for a range of

rotor RPMs (500, 700, 900, 1200, and 1500 RPM) and collective angles (−2 to 12◦).

During its conception, the legacy blade design had been previously strength-tested

to ensure survival at the nominal rotor RPM in hover. To reduce the likelihood

of failure with this blade set, the current blade set underwent an additional proof

test: the rotor blades were spun up to 1800 RPM on the hover tower, 1.5 times

the maximum rotor RPM to be reached during wind tunnel testing, to ensure safe

operation.

3.4 Wind Tunnel Tests

The GLMWT is a low speed closed-circuit wind tunnel on the University

of Maryland campus, which has been in operation since 1949. After hover tower

testing, the rotor stand was transferred to the wind tunnel for forward flight testing.

3.4.1 Wind Tunnel Description

The test section of the GLMWT is 7.75 ft tall and 11.04 ft wide with rounded

corners, for a total cross sectional area of 85.04 square feet. It is capable of a

maximum airspeed of 230 mph (or equivalently, a Mach number of 0.3) and has a

measured turbulence intensity of 0.21% [35]. The rotor test rig used in this research

was mounted directly to the floor of the test section, resulting in a calculated wind
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tunnel blockage of 2.3%. A shaft angle correction for helicopters, originally adapted

for rotors by Langer, Peterson, and Maier [36] and re-derived by Schmaus [37] was

calculated to account for the effects of the wind tunnel walls and is given by Eqn 3.1.

∆αs =
2δwCTArotor
µ2Atunnel

(3.1)

In this equation, ∆αs depends on δw, which corresponds to the boundary layer

effects of the tunnel test section area (Atunnel), the flight conditions µ and CT , and

the area of the rotor disk (Arotor). For the GLMWT test section, δw = 0.12 [38],

and the ratio of rotor area to test section area is equal to 0.29. The wind tunnel

force balance under the test section floor was locked into place for the duration of

rotor testing, and a load cell on the rotor stand measured all fixed frame forces and

moments on the hub. The dimensions are shown in Fig. 3.6.

3.4.2 Installation Procedure

A complete set of installation procedures were developed for the UMD rotor

stand by Saxena [34]. The rotor stand is lifted into the wind tunnel and bolted to

the wind tunnel balance beneath the floor of the wind tunnel test section. The rotor

stand bolts into a shaft tilt mechanism under the floor such that the bottom of the

stand is flush with the test section floor; this is shown in Fig. 3.7 and Fig. 3.8.

The hydraulic lines, power cables, and sensor wires are funneled through the

test section floor, as shown in Fig. 3.8. The electrical connections pass beneath

the wind tunnel and into the floor of the control room, where the data acquisition
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Figure 3.6: Dimensions of rotor rig in GLMWT test section.

system is set up. Once the rotor stand is fully installed, the blades can be bolted

onto the hub and the rotor stand sensors must be statically calibrated. Finally, the

electric motor and hydraulic pump must be inspected for safety and checked for

adequate airflow and hydraulic fluid levels before testing can begin.

3.4.3 Data Acquisition

All results were recorded at a 5 kHz sampling rate using a National Instru-

ments 15-bit ADC (model USB-6255) data acquisition system (DAQ) and LabVIEW

virtual instrument panel interface as shown in Fig. 3.9 and 3.10. Voltage signals

from the test stand instrumentation were passed through the DAQ and processed

using SCXI-1102C modules, and all signals were recorded for 5 seconds at each
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Figure 3.7: The rotor shaft is mounted to a shaft tilt mechanism that bolts onto the
GLMWT balance.

Figure 3.8: A front view of the test stand fully installed in the GLMWT.
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Figure 3.9: Data acquisition tower with breakout BNC connectors.

Figure 3.10: LabVIEW virtual instrument panel readout.
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flight condition in LabVIEW. The LabVIEW interface showed swashplate controls

angles, flap and pitch angles for each blade, wind tunnel velocity, hub loads, rotor

RPM, an FFT of accelerometer loads, and rotor lateral and longitudinal cyclics with

negligible time delay. This allowed sensor health and rotor and blade flap angles to

be monitored closely in real time while also enabling quantitative feedback vital to

trimming the rotor at each flight condition.

3.4.4 Tare Cases

For each flight condition in forward flight, the recorded signals had to be tared

to isolate the hub loads and moments from the rotor. This was done by subtracting

out the loads and moments of the test stand at the same flight conditions but without

the rotor blades, as shown in Fig. 3.11. Blade shanks were used to properly account

for the drag caused by the entire blade grip assembly.

Figure 3.11: Tare cases were run for each flight condition using shank blades to
accurately capture hub drag.
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3.4.5 Rotor Track and Trim

Though the rotor blades were statically tested to ensure inertial similarity and

spanwise balance, the aerodynamic characteristics must also be matched. Tracking

a rotor is a method of aerodynamically matching the blades by balancing the hinge

moments caused by aerodynamic, inertial, and centrifugal forces to align the tips of

each blade into the same tip path plane (TPP). Rotor tracking was achieved in this

research by manipulating the pitch link rods to alter the root pitch of each blade

individually. This affects the flapping response of the rotor and aligns the tip path

plane by addressing any aerodynamic dissimilarities in the set of blades.

Figure 3.12: Blade tracking was recorded using strobe lights set to the blade passage
frequency to highlight reflective tape on each blade tip.

To examine the rotor tip path plane, differently-colored reflective tape was

fixed onto the tip of each rotor blade. The rotor was operated at the desired flight

condition, then strobe lights set to the blade passage frequency were shone into the

wind tunnel test section at approximately 225◦ and 315◦ rotor azimuth. Maximum
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flapping response for articulated rotors lags maximum forcing on the advancing side

by approximately 90◦, and therefore 225◦ azimuth is an optimal azimuth for TPP

tracking. By comparison, tracking at 315◦ was more easily accomplished. The

light was reflected by the tape, highlighting the position of the rotating blade tips

(Fig. 3.12). The four blade tips were vertically separated by some distance due

to differences in flapping response, and the pitch link rods were adjusted between

runs to alter the blade flap response until tracking was achieved. The rotor was

considered to be tracked when all four blade tips were vertically aligned within

one-half blade-tip-thickness; however, due to limits in the pitch link adjustments,

tracking could not always be achieved and tended to worsen at high advance ratios.

At every test point and flight condition, the rotor was first trimmed to zero flap

angle such that the normal force was perpendicular to the shaft and the magnitude

of the first harmonic of the blade flap angle was approximately equal to zero. This

state, known as wind tunnel trim, cancels out the lateral and longitudinal flap

response of the rotor and leaves only the steady coning component of flap motion.

This was accomplished by manipulating the cyclic control settings until the first

harmonic of the averaged blade flapping amplitude was approximately zero. As

advance ratio increased and differences in the blades were exaggerated, the rotor

became less responsive to control inputs and became more difficult to trim.
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3.4.6 Test Plan

The maximum achievable speed in the wind tunnel test section was 200 knots;

therefore, tests to advance ratios of 0.9 were performed by slowing the rotor RPM

40% (900 RPM) to 50% (1200 RPM) of nominal. Most tests were conducted at a

0◦ shaft angle, with a few cases (µ = 0.5, 0.7, 0.8 at 900 RPM and µ = 0.5, 0.6, 0.7

at 1200 RPM) tested at shaft tilt angles of 4◦ fore and aft.

A 3-D printed fuselage was designed and mounted on the rotor stand for

the majority of the tests described in this work, with the intention of providing

a structural base for investigating aspects of compound configurations in future

experiments. A limited number of tests were conducted without the fuselage to

provide a basis for comparison with this setup, while previous results from similar

tests performed in 2016 [25] were also used for comparison. The test envelope is

given in Table 3.2.

Table 3.2: Wind tunnel test envelope

Parameter 700 RPM 900 RPM 1200 RPM

Collective, θ0 (deg) -2 to 12 -2 to 12 -2 to 10
Shaft tilt, αs (deg) 0 -4, 0, 4 -4, 0, 4
Advance ratio, µ 0.3 0.3, 0.5-0.9 0.3, 0.5-0.7
Fuselage included Yes Yes and No Yes and No
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Chapter 4: Results and Validation of High Advance Ratio Testing

This chapter will detail the results of the experimental data and the corre-

lations with the predictions from UMARC analysis. This test involved parameter

sweeps of collective pitch angle, advance ratio, and shaft tilt for rotor speeds of 900

RPM and 1200 RPM. The rotor RPM was set, the wind tunnel was brought up

to the desired speed, and the rotor was tracked and trimmed at 4◦ collective pitch

before performing a collective sweep from −2 to 12 degrees for each flight condition.

A discussion of each result is provided in the following sections.

4.1 UMARC Modeling

The University of Maryland Advanced Rotorcraft Code, UMARC, is a com-

prehensive analysis that is used to model the aeromechanics of this rotor in high

advance ratio environments. The correlations to the experimental results of this

investigation are intended to provide a baseline analytical comparison for a rotor

with ‘clean’ (non-instrumented), highly similar blades.

UMARC is based on finite element discretization in both space and time, and

uses a lifting-line approach with NACA 0012 airfoil table look-ups. The model

used in this research incorporates 12 temporal elements and 20 spatial elements in
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its calculations; to simplify the solution process, each finite element in space uses

modal reduction with 15 degrees of freedom. Derived from Hamilton’s principles, the

analysis includes coupled elastic flap, lag, twist, and axial deformations to second

order precision [39]. UMARC also utilizes the Weissinger-L trailed wake model

for predicting nearwake up to 30◦ after each blade and predicts far wake using the

Bhagwat-Leishman free wake model [40]. The Leishman-Beddoes attached unsteady

[41] and dynamic stall [42] models are used to predict the unsteady flow in the shed

wake.

The specific version of UMARC used in this investigation (summarized in

Table 4.1) is described in further detail by Bowen-Davies [29,32]. The analysis used

here models an untwisted, constant-chord blade with a NACA 0012 profile. It does

not account for a fuselage, corrections to root or shank drag (which was tared out

during wind tunnel tests), or a wake trailer at the blade root. All cases have a trim

target of zero first harmonic flapping for fixed collective angles.

Table 4.1: UMARC parameters used to model the 2017 wind tunnel tests

Parameter Description

No. time elements 12
No. spatial elements 20
No. blade modes 10
Nearwake Weissinger-L model trailing 30◦ after the blade
Far wake Bhagwat-Leishman model
Tip trailers Single trailer
Root trailer For vibratory predictions only
Blade shank correction None
Fuselage model None
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4.2 Rotor Performance

Rotor performance involves the measurement of steady hub loads: rotor thrust,

drag, and side forces, pitching and rolling moments, and shaft power. Slowed rotors

have the potential to significantly decrease the power required in forward flight by

decreasing both the required shaft torque and by lowering the advancing tip Mach

number and decreasing the profile drag on each blade.

4.2.1 Hover Performance

In hover, the flow has no forward velocity component and is symmetric to the

axis normal to the rotor disk. Before wind tunnel testing, the rotor was mounted to

the hover stand and tested for a range of rotor speeds from 500 to 1500 RPM.

Figure 4.1 shows how the thrust and shaft power vary with collective. The

closeness of the data collected at different RPMs shows excellent precision and re-

peatability in the measured power and thrust values. The power required to operate

is directly related to the rotor thrust.

From modified momentum theory [43], Eqn 4.1 provides a simple relation

between the rotor thrust and power coefficients.

CP =
κC

3/2
T√
2

+
σCd0

8
(4.1)

Because power only varies with thrust, the power and thrust for several dif-

ferent rotor RPMs collapse to the same line. This is shown in Fig. 4.2 along with
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Figure 4.1: Rotor thrust and shaft power in hover for various rotor RPMs.
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predictions using modified momentum theory.

Figure 4.2: Simplified approximation of power to thrust in hover: experimentally-
derived variables are CP0 = .0002, Cd0 = 0.0128, and κ = 1.7 for this rotor.

4.2.2 Rotor Lift and Thrust Reversal

The lift of a rotor in forward flight is given by L = Tcos(αs) - Hsin(αs), where

αs is the shaft tilt angle and T and H are the rotor thrust and propulsive force,

respectively. When there is no shaft tilt (αs = 0), the lift and thrust are equal.

Figure 4.3 shows the validation of lift versus collective pitch angle for advance

ratios from 0.3 to 0.9. All cases were trimmed to zero first harmonic flapping of

the reference blade, Blade 1, within a tolerance of 1◦. Despite instabilities at the

highest advance ratios and collective angles (e.g. µ = 0.9 and θ0 = 10◦), the rotor

maintained the target trim well within 1.5◦.

The trends are very well captured for all advance ratios; however, the slight

difference between predictions and test data near θ0 = 10◦ is an indicator of the
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Figure 4.3: Non-dimensional rotor lift coefficient versus collective pitch at 900 and
1200 RPM; shaft tilt αs = 0◦.
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premature onset of stall in the model. For higher advance ratios (µ = 0.7 or greater),

the lift is slightly over-predicted for collective pitch angles greater than 5◦. At µ

= 0.9, the slope agrees very well only for small pitch angles less than 5◦. Overall,

the slope of lift to collective angle in each case are well captured, demonstrating the

decreasing thrust sensitivity to collective as advance ratio increases.

The slope, dCL/dθ0, decreases with advance ratio because the dynamic pres-

sure on the retreating-side blade is lower than that on the advancing side, which cre-

ates an asymmetry in lift. To counter the lift imbalance, the pitch on the retreating

side is increased while the pitch on the advancing side is decreased using longitudinal

cyclic. As advance ratio increases, the region of reverse flow on the retreating side

of the rotor increases as well. An airfoil section in reverse flow experiences negative

aerodynamic thrust when positive collective pitch is applied; therefore, increasing

the pitch angle causes a decrease in thrust. This must be balanced out by decreasing

the lift (and thus, the pitch) on the advancing side, resulting in a lower net lift being

produced by the rotor.

At µ = 0.9, the rotor thrust is no longer increased by changes in collective pitch

and instead begins to decrease with higher θ0. This phenomenon, called thrust re-

versal, occurs when the negative lift on the retreating side becomes too large to

be balanced out by the advancing side, and the rotor is only trimmed by produc-

ing net negative lift. Thrust reversal has been observed and discussed in several

experimental investigations and analyses [12, 15,16,18,26,31,32].

Collective-thrust reversal is shown in Fig. 4.4. The UMARC analysis, which

calculates the slope using only small collectives near 0◦, shows very good agreement
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Figure 4.4: Decreasing thrust sensitivity to collective pitch for αs = 0◦. Collective-
thrust reversal occurs just before µ = 0.9.

over the range of advance ratios. Thrust reversal occurs for this rotor at µ = 0.88.

4.2.3 Shaft Power and Rotor Drag

The shaft torque coefficient of the rotor, which is measured using a torque cell

on the shaft, is equivalent to the power coefficient of the rotor (CQ = CP ). Figure 4.5

shows the correlation of rotor power coefficient to collective pitch for advance ratios

up to 0.9. Only the 900 RPM cases are shown for clarity, but the 1200 RPM cases

demonstrate the same trends with slightly higher magnitudes.

The predictions agree with the test data very well, especially for moderate

collectives (θ0 < 7◦). The power is slightly under-predicted for higher collectives at

µ ≤ 0.6. At µ = 0.9, when the majority of the retreating-side blade is in reverse

flow, the shaft power is no longer affected by changes in collective. Required shaft
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Figure 4.5: Non-dimensional shaft power coefficient versus collective pitch for 900
RPM; shaft tilt αs = 0◦. The 1200 RPM cases (not shown for clarity) demonstrate
the same trends with slightly greater magnitudes at low collectives.
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power decreases slightly with increasing advance ratio because of the increasing drag

on the blade in reverse flow, which serves to accelerate the rotor.

The drag of a rotor in forward flight is given by D = Hcos(αs) + Tsin(αs),

and is therefore equal to the H-force of the rotor when there is no shaft tilt. The drag

of the rotor is isolated by subtracting out the drag due to the test stand and hub

(see Section 3.4.4). The correlations shown in Fig. 4.6 are very good at advance

ratios above 0.6, and the analysis captures the overall magnitudes as well as the

increase in drag with higher collectives. At lower advance ratios, the predictions

underestimate the drag at higher collectives and overestimate the drag at lower

collectives. At the lowest advance ratio of µ = 0.3, the prediction precisely captures

the trend, especially for collectives less than 3◦. The low level of scatter in the test

data points, which represent the drag recorded at both 900 RPM and 1200 RPM,

emphasizes the precision of the experimental data. In general, the drag approaches a

small number near 0◦ collective, and subsequently increases with positive collective

angles. There does not appear to be any significant change in damping with advance

ratio. At µ = 0.9, the freestream velocity is high enough that the drag at negative

collectives begins to increase again, as expected.

A key measure of the performance of a rotor is its lift-to-drag ratio, which is

defined by rotor lift, L, and equivalent drag, (De), and given in Eqn 4.2.

L

De

=
CL

CD + CP/µ
(4.2)

The variation of lift-to-drag ratio with collective angle is presented in Fig. 4.7,
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Figure 4.6: Nondimensional drag coefficient versus collective pitch at 900 and 1200
RPM; shaft angle αs = 0◦.

and it shows very good correlation with UMARC predictions. Good agreement in

rotor lift and power, both of which are of larger magnitudes, outweighs the poorer

agreement of drag, which is of a much smaller magnitude, especially at low advance

ratios. At higher advance ratios, where the agreement with the experimental drag

data is much better, slight over-predictions in lift and under-predictions in power

result in a small offset from the measured lift-to-drag. The trends are well captured,

and the lift-to-drag ratio becomes less sensitive to changes in collective as the ad-

vance ratio increases. At µ = 0.9, there is no longer any change with pitch angle.

Overall, the lift-to-drag ratios are well predicted for the full range of advance ratios.

Figure 4.8 shows the validation of lift-to-drag ratio versus rotor thrust, which
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again demonstrates a slight over-prediction of the maximum L/De. The overall

trends are very well predicted, and show the net loss of lift due to reverse flow and

retreating blade stall as the advance ratio is increased. For these cases at αs = 0◦,

the rotor performance steadily degrades with increasing advance ratio. Positive

(aft) shaft tilt, however, is known to increase rotor performance at high µ, and is

discussed in Section 4.4.3.

4.2.4 Trim Cyclics

At each flight condition, the rotor was trimmed to zero first harmonic flapping

amplitude by manipulating the lateral and longitudinal cyclic controls, as discussed

in Section 3.4.5. Figure 4.9 shows the trends for lateral and longitudinal cyclics

for advance ratios from 0.3 to 0.9. Longitudinal cyclic shows a clear trend, demon-

strating an increasingly negative slope as advance ratio increases. The predictions

capture the trends well, with a small offset of one to two degrees. As the advance

ratio approaches 0.9, the change in the slope is of a smaller magnitude. The predic-

tions for lateral cyclic show less agreement; this could be due in part to unsteadiness

in the flow from the hub, which decreases the lift in the rear portion of the rotor

disk. The offset in the predicted slope, however, is a feature that was not seen in

previous comparisons [25,32] and may be the result of interference from the fuselage

decreasing the lift at the forward portion of the rotor disk.
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Figure 4.7: Lift-to-drag ratio versus collective pitch at 900 and 1200 RPM; αs = 0◦.
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Figure 4.8: Lift-to-drag ratio versus lift coefficient at 900 and 1200 RPM; αs = 0◦.

79



Figure 4.9: a) Lateral and b) longitudinal cyclics for select advance ratios at 900
RPM. The cyclics for 1200 RPM show the same trends with a slightly larger offset.

4.3 Vibratory Loads

The magnitudes of vibratory loads in a helicopter are an indicator of passenger

comfort and can potentially impact the long-term health of mechanical components.

Therefore, it is essential to understand the sources of vibration and be able to accu-

rately predict them in analyses. The main rotor is the primary source of vibration

in a helicopter, and care should be taken to avoid operation at a rotor RPM that

would resonate with rotor harmonics. This would be especially important for fu-

ture helicopters utilizing slowed rotors to achieve high speeds, since the rotor must

operate at a range of RPMs while minimizing resonance effects.

A single rotor experiences periodic forcing which occurs at frequencies that are

integer multiples of the number of blades (n/rev where n = 4, 8, 12... for a 4-bladed

rotor). The loads that contribute to the frequencies that are integer multiples of
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the number of blades are called vibratory loads, and all remaining harmonics are

called oscillatory loads. The other vibratory harmonics (besides the blade passage

frequency) are caused by dissimilarity in the blades, resulting in significant 1/rev

loads in the fixed frame. The blade loads in the rotating frame are summed over

the four blades to get the total fixed frame hub loads, which are measured by the

hub balance on the rotor test stand.

Because of some level of dissimilarity between manufactured blades, exper-

iments will not exactly reproduce the harmonics predicted by analyses that use

perfectly identical blades. Large in-plane forces in experimental results (H-force

and Y-force) indicate a mass imbalance such that the center of mass of the rotor is

not exactly at the center of the shaft. This is exaggerated by centrifugal loading,

and therefore is magnified by higher rotor RPMs. Rolling and pitching moments in-

dicate a dissimilarity in the aerodynamic balancing or in the root pitch angle of the

blades. Tracking the rotor is done to aerodynamically balance the blades; however,

small moments in a rotor with very stiff blades will not always manifest as visible

variations in the tip path plane and may not be balanced out.

The vibratory loads are calculated using harmonic decomposition to pick out

the frequencies that make up the time history of the recorded data. A Fast Fourier

Transform (FFT) performs this decompostion, identifying the vibratory loads in

terms of rotor harmonics. This section presents the measured vibratory hub loads

from wind tunnel tests.

A fanplot for this rotor was calculated using UMARC and is presented in

Fig. 4.10. At the main operational rotor speed of 900 RPM, the third flap bending
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Figure 4.10: Calculated fanplot of this rotor at multiple rotor speeds, with the
operational RPMs for this investigation marked in red.

mode approaches 7/rev, and the torsion mode is near 11/rev. At 1200 RPM, the

second flap bending mode interacts with the 3/rev frequency of the rotor, the third

flap mode approaches 6/rev, and the torsion mode is near the 8/rev harmonic.

The experimental hub loads shown in Figs. 4.11 show a dominant 4P and a

small 8P component, which would be expected from a 4-bladed rotor. A large 1P

component is also present in the vertical and in-plane forces, which is indicative of
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an imbalance in the hub and rotor. The in-plane 1P components are not changed

with increased advance ratio, while the vertical 1P component does increase with

advance ratio. Because the in-plane forces are unaffected by aerodynamic changes,

this implies the presence of a mass imbalance in the rotor hub; however because the

amplitudes of the vertical force do increase with advance ratio, the presence of an

aerodynamic imbalance is also likely. As advance ratio increases, the 4/rev vertical

force increases as well. The 4/rev in-plane forces also increase with advance ratio,

though at µ = 0.8 and 0.9 the in-plane forces are significantly lower.

The test stand accelerations were also measured, and are shown in Fig. 4.12.

A 3-axis ±16 g accelerometer mounted to the test stand measured the vertical and

in-plane vibrations of the test stand, and verifies that the 4P harmonic dominates

the vertical forcing, while the 1P and 4P harmonics dominate the in-plane forces.

The 4P component of the vertical force is shown in Fig. 4.13, and clearly

increases in both slope and magnitude as advance ratio increases. At low µ, the

4/rev component of Fz is less affected by changes in collective, but at higher µ

it tends to increase with collective. Experimental results for µ = 0.7 show the

minimum value of 4/rev vertical forcing occurs at 0◦ collective, as theory suggests;

however, at other high µ cases this point appears to fall within ±2◦ in the measured

data. Other authors [32] have attributed this offset to an inability to accurately

predict the lateral cyclic, which may be related to the disturbances in the flow

past the hub. The UMARC predictions capture the trends very well compared

to the measurements, demonstrating an overall increase in the slope of the 4/rev

components with increasing advance ratio. The magnitudes are very well predicted
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at low µ without the use of a dynamic stall model, while at high µ predictions

improve with the use of a dynamic stall model as well as inboard trailers. Noticeable

discrepancies appear in the moderately high range of advance ratios near 0.6, where

the prediction under-estimates the magnitude of the 4/rev response.

4.4 High Advance Ratio Studies

Three studies were carried out in the high advance ratio flight regime using

this rotor and test stand. First, an attempt was made to benchmark the effect of

utilizing highly similar, non-instrumented rotor blades. The effect of adding a faired

fuselage to the test stand was investigated, the results were compared to previous

tests using the same rotor without a fuselage. Finally, the effect of longitudinal

shaft tilt angle on rotor performance was investigated. The results and discussion

for each of the three studies are provided below.

4.4.1 Effect of Blade Similarity

The root flap and pitch angles of each of the four blades were recorded using

Hall effect sensors mounted to the blade root grip. Flapping angles are affected by

differences in blade structural, inertial, and aerodynamic properties; as advance ratio

increases, the differences in the characteristics of each blade are exaggerated and are

reflected in the flap angle time histories. The azimuthal histories were converted to

the frequency domain, and the harmonics of the rotor speed were extracted. The

trim target for each flight condition was zero 1/rev (1P) flapping; therefore the 1/rev
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flap angles, β1C and β1S, of Blade 1 were minimized to achieve trim. All other blades

were tracked (see Section 3.4.5) to match the tip path plane of Blade 1, which was

used as the reference blade during testing.

The flapping amplitudes shown in Fig. 4.14 indicate the trim state of the rotor

for each advance ratio tested. The rotor is considered to be ideally trimmed if the

flapping amplitude falls within a tolerance of 1◦. The 1P amplitude remains within

the target trim value until an advance ratio of 0.7, when the 1P flapping of two blades

increases to just above 1◦ and the rotor no longer achieves ideal trim. It should be

noted that in trimming the rotor, only the 1/rev flap of the reference blade, Blade

1, is minimized. However, the 1/rev amplitudes of the other three blades are less

than 1◦ with respect to the reference blade. Because the swashplate controls are

only capable of steady and 1P inputs, even the trimmed rotor could be affected by

higher harmonics. The 2P flapping amplitudes of all the blades increase steadily

with advance ratio, which may affect the rotor trim state. Fig. 4.15 shows the

flapping amplitudes of each blade for the first eight harmonics, which demonstrate

an overall increase in amplitude with increasing advance ratio. While the 1P and 2P

components dominate the flap response, a 3P and a 4P component are also present.

The blade flapping motion over the rotor azimuth is shown in Fig. 4.16 for a

collective angle of 4◦. Dashed vertical lines at 225◦ and 315◦ indicate the points along

the rotor azimuth where the blades were tracked using the strobe light procedure

described in Section 3.4.5. At each flight condition, the rotor was tracked at 4◦

collective before a collective sweep was carried out. The tracking process ensures

the blades follow the same tip path plane (TPP), and this is reflected in the recorded
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flap motion for the individual blades. Maximum forcing on a rotor generally occurs

at the region of maximum dynamic pressure, which is between 45◦ and 135◦ azimuth.

Because this is an articulated rotor, maximum flapping due to this forcing occurs

between 135◦ and 225◦. The measured data shows maximum peak-to-peak flapping

generally occurs at 225◦, approximately 90◦ after the region of maximum forcing on

the advancing side.

Figure 4.16 shows that at the relatively low collective pitch of 4◦, the blades

are well tracked for advance ratios less than 0.7. The maximum peak-to-peak flap-

ping of the tracked rotor (µ = 0.3 - 0.6) is less than 1.5◦, which is nearly one-third

of the peak-to-peak flapping observed in the same rotor with instrumented blades

at the same flight condition and rotor RPM [25]. At higher advance ratios, tracking

becomes more difficult to achieve because the blades no longer follow the same path

around the rotor azimuth. This is the result of structural, inertial, or aerodynamic

dissimilarities in the blades and hub that get exaggerated at these more extreme

flight regimes. A set of non-instrumented blades were structurally tested to ensure

no more than 2.5% variance in mass, inertia, natural frequency, and bending and

torsional stiffness, and this higher level of similarity enabled improved rotor track

and trim up to an advance ratio of 0.7. The results show that the process of instru-

menting rotor blades for wind tunnel testing inherently affects the characteristics

of the blades: external sensors and wiring may significantly affect blade aerody-

namic properties, while embedded instrumentation can affect the inertial matching

or structural response of the blades. Improvements in blade fabrication and incor-

poration of instrumentation are necessary to achieve track and trim at high advance
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ratio and to accurately model a rotor in this flight regime.

4.4.2 Effect of Fuselage

A limited study on the effects of a fuselage (Fig.4.17) was carried out for

both low and high advance ratios. First, a test was carried out with the rotor

used in the present research at µ = 0.3 and for 700, 900, and 1200 RPM with and

without a fuselage. The measured data from this first study (not pictured) shows

no appreciable differences between rotor performance or controls with or without

the fuselage. Due to limited time in the wind tunnel, a follow-up study at a higher

advance ratio was not performed; therefore, to evaluate the effects of a fuselage at

higher speeds, a previous test with a similar rotor was used to provide a comparison.

This second rotor, which was operated without a fuselage, was tested in a

previous wind tunnel entry in late 2016 [44]. In addition to testing without a

fuselage, the second rotor also utilized instrumented blades that were slightly heavier

than the blades used in the present work. First, a collective sweep was carried out

at a low advance ratio of 0.3 at a rotor speed of 900 RPM; the results are shown

in Fig. 4.18. The two rotors demonstrate the same thrust, power, and drag, but

differ in the slope of the lateral and longitudinal cyclic versus collective. Next,

the measurements from the two rotors at µ = 0.7 and 900 RPM were compared

(Fig. 4.19). Rotor thrust, drag, and lift-to-drag are approximately the same, but

required shaft torque is slightly higher for the heavier, instrumented blades of the

second rotor. Once again, the change of lateral and longitudinal cyclics versus
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collective differed between the two rotors; the rotor tested with a fuselage shows

a shallower, less positive slope for lateral cyclic controls (θ1C) versus collective as

the advance ratio is increased. For the same rotor-fuselage setup, the longitudinal

cyclic controls (θ1S) also demonstrate a steeper, more negative slope than the rotor

without a fuselage. These trends remain true as the advance ratio increases to µ

= 0.9. This effect is likely a result of the flow over the front of the fuselage, which

adds an effective upwash to the fore portion of the rotor disk. Therefore, greater

positive inputs of lateral cyclic are required to trim the rotor over the entire range

of advance ratios.

4.4.3 Effect of Shaft Tilt Angle

Longitudinal shaft tilt angles of positive (aft) and negative (forward) 4◦ were

investigated at 40% and 50% nominal rotor speed to expand the test envelope of

previous work at the University of Maryland [25, 31]. Collective sweeps were per-

formed and rotor performance data was measured for advance ratios of 0.5, 0.7, and

0.8. Figures 4.20 through 4.24 describe the effects of shaft tilt on rotor lift, torque,

drag, and lift-to-drag ratio. The effects of shaft tilt on thrust sensitivity to collec-

tive are shown in Fig. 4.20, and indicate that shaft tilt does not significantly impact

the point of thrust reversal. The measurements presented in Fig. 4.21 show that

rotor lift increases significantly with positive shaft tilt for the full range of collective

angles; similarly, negative shaft tilt reduces rotor lift for all collectives. The predic-

tion of lift agrees very well with the measured data at lower collective angles, and
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captures the trend for higher advance ratios of 0.7 and 0.8. At µ = 0.5, the effects

of premature stall can be seen in the analysis in the 0◦ and +4◦ cases. Overall, the

lift prediction correlates very well to experimental data.

Shaft tilt has a much less pronounced effect on torque (Fig. 4.22), notably

decreasing the power required at low collectives for both fore and aft shaft tilt.

Above 5◦ collective at µ = 0.5, positive shaft tilt requires slightly more power than

when αs = 0◦. This reversal point occurs at higher collectives as advance ratio

increases. The analysis also shows this reversal point, at which aft shaft tilt begins

to draw more power than both fore and zero shaft tilt. By comparison, negative shaft

tilt draws less power until a sufficiently high collective is reached, at which point

negative shaft tilt approaches the same required power as zero shaft tilt. UMARC

analysis captures these trends very well, though the magnitudes are slightly under-

predicted across all collective angles.

Drag increases for both fore and aft shaft tilt, though aft shaft tilt demon-

strates higher drag for all positive collectives (Fig. 4.23). At higher advance ratios,

the drag produced by forward shaft tilt is approximately equal to that of zero shaft

tilt. The predicted drag agrees well with experimental results for zero and aft shaft

tilt, demonstrating the appropriate magnitudes and slopes for most of the collec-

tives tested. Agreement with negative shaft tilt data, however, is poor; drag is

under-predicted at lower collectives and over-predicted at higher collectives.

These errors are present in the predictions of lift-to-drag ratio (Fig. 4.24),

but because the magnitude of the drag component is small compared to lift and

torque, the effects of poor drag correlation are minimal. The lift-to-drag predictions

89



agree with the measured results very well, though the analysis tends to overestimate

lift-to-drag at low advance ratio and at higher collective angles; this is primarily a

result of the under-predicted power combined with the over-predicted lift. The

experimental trends are very well represented in the analysis, which clearly shows

the performance benefits of rearward shaft tilt at lower collectives and high advance

ratio up to 0.9. This level of predictive capability would therefore be useful for rotor

design studies.

4.5 Support for Other Tests

In 2017, Lind et al. [45] conducted an investigation into the high advance ratio

flow environment of the same non-instrumented rotor used in this work. The present

research and the investigations by Lind et al. were conducted simultaneously in the

GLMWT, in which Lind et al. performed PIV on a subset (µ ≤ 0.9, αs = 0, 900

RPM, advancing tip Mach number of 0.45) of the overall wind tunnel test envelope

of this work. Rotor track and trim was performed in support of this investigation,

and involved careful planning to construct an environment in the wind tunnel test

section that would be conducive to the use of PIV. To highlight the particles used to

seed the wind tunnel, all ambient light was blocked from infiltrating the test section.

This was accomplished by placing light-absorbing sheets of black tape on the inner

walls of the test section, which limited the maximum wind tunnel speed that could

be safely tested to a corresponding advance ratio of µ = 0.9 at 900 RPM and µ =

0.7 at 1200 RPM.
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Time-resolved and phase-averaged PIV was used to experimentally character-

ize the unsteady flow at 40% span, well within the reverse flow region, at advance

ratios up to µ = 0.9. Evidence of a reverse flow dynamic stall vortex, believed to be

the main source of unsteadiness in the reverse flow region of a rotor, was observed

between advance ratios of 0.6 and 0.9, and is presented in Fig. 4.25. A classical dy-

namic stall vortex, traveling from geometric trailing edge to the geometric leading

edge because of reverse flow, is evidenced by the wake convected downstream of the

geometric leading edge of the retreating-side blade. A blade-vortex interaction is

captured at µ = 0.7, and a tip vortex is observed to travel through the rotor wake.

At the time of this writing a detailed discussion of this interrogation of the reverse

flow region of this rotor is not yet published, but future analysis of these results will

provide a deeper understanding of the effects of vortex dynamics of rotor lift and

moment stall.
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Figure 4.11: Amplitudes of oscillatory hub loads for in-plane forces (Fx and Fy)
and normal out-of-plane force (Fz). Results shown were observed at 900 RPM and
trimmed at 4◦ collective.
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Figure 4.12: Amplitudes of test stand accelerations for in-plane accelerations (ax
and ay) and normal out-of-plane acceleration (az). Results shown were observed at
900 RPM and trimmed at 4◦ collective.
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Figure 4.13: 4/rev component of the vertical force (Fz) plotted with increasing
advance ratio at 900 RPM; shaft tilt αs = 0◦.
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Figure 4.14: Flapping amplitudes of the four blades for the range of tested advance
ratios. The rotor was trimmed to zero 1/rev flap of the reference blade 1. All data
shown is at 4◦ collective.
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Figure 4.15: Flapping amplitudes of each blade for harmonics from 1P to 8P. All
data shown is at 4◦ collective, 900 RPM, and αs = 0◦.
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Figure 4.16: Phase-averaged flapping amplitudes versus azimuth for each blade.
Vertical lines indicate azimuths where blades were tracked using the strobe light
setup. All data shown is at 4◦ collective, 900 RPM, and αs = 0◦.
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Figure 4.17: A 3-D printed nylon fuselage was mounted to the rotor stand for the
majority of tests.
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Figure 4.18: Effect of fuselage at low advance ratio (µ = 0.3) for instrumented and
non-instrumented blades.
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Figure 4.19: Effect of fuselage at high advance ratio (µ = 0.7) for instrumented and
non-instrumented blades.
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Figure 4.20: Effect of shaft tilt on thrust sensitivity to collective pitch.

Figure 4.21: Effect of shaft tilt on rotor lift for 900 RPM and 1200 RPM.
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Figure 4.22: Effect of shaft tilt on shaft torque for 900 RPM and 1200 RPM.
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Figure 4.23: Effect of shaft tilt on drag for 900 RPM and 1200 RPM.
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Figure 4.24: Effect of shaft tilt on rotor lift-to-drag for 900 RPM and 1200 RPM.
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Figure 4.25: Lind et al. [45] observed the unsteady flow in the reverse flow region
(40% span) of a rotor at advance ratios up to µ = 0.9. A reverse flow dynamic stall
vortex (RFDSV), thought to be the primary cause of unsteadiness in the reverse flow
region, is evident in the time-resolved and phase-averaged PIV data. Tip vortices
(TV), classical dynamic stall vortices (CDSV), and a blade-vortex interaction (BVI)
are observed as well.
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Chapter 5: Conclusion

This final chapter summarizes the results of the presented work, provides a

list of key contributions, and suggests alterations and additional tests to continue

this work into the future.

5.1 Summary of Research

The purpose of this work is to further investigate the performance and vibra-

tory loads of a Mach-scale rotor with highly similar blades at advance ratios up to

0.9. The advance ratios tested are well above the µ = 0.4 limit of a conventional

single main rotor helicopter, and are applicable for the design of future compound

configurations.

The aeromechanics of a 4-bladed, fully articulated rotor with uniform, highly

similar blades were investigated in a wind tunnel at advance ratios from 0.3 to 0.9.

Collective sweeps were performed at each flight condition for 900 RPM and 1200

RPM and longitudinal shaft tilt angles of −4, 0, and 4 degrees. Rotor performance,

vibratory hub loads, blade pitch and flap motion, and control settings were measured

and used to validate predictions from the comprehensive analysis tool, UMARC. The

untwisted, untapered NACA 0012 blades had a hinge offset of 6.4%R, a root cutout
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of 16.4%R, and a nominal angular velocity of 2300 RPM. Collective sweeps from -2◦

to 12◦ were performed for each flight condition, and blade motion and hub forces

were measured using an instrumented hub and a fixed-frame 6-component balance.

5.2 Key Conclusions

The following list details the key conclusions that have drawn from this re-

search effort.

1. Non-instrumented composite rotor blades were built in-house that demon-

strated no more than 2.5% variance in their structural and inertial properties,

one-fourth of the variance of the instrumented rotor blades used by other re-

searchers at the University of Maryland. Bending and torsional stiffnesses,

natural frequencies, blade flap inertia, and mass distribution were successfully

measured for each blade.

2. Highly similar rotor blades demonstrated significant improvement in rotor

track and trim over previous tests for advance ratios up to 0.7, evidenced

by a peak-to-peak flapping that was 66% less than the maximum flapping of

the instrumented set of blades. Sustained dissimilarities in the blades and an

imbalance in the rotor and hub, exaggerated by the high advance ratio regime,

resulted in the rotor being slightly out-of-track and 0.5◦ outside of the original

trim target for advance ratios above µ = 0.7.

3. Tests at higher rotor RPMs (40-50% of the nominal hover speed of 2300 RPM)

demonstrated a maximum advancing tip Mach number of 0.53, which is much
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closer to the design tip Mach number of 0.60, providing more realistic perfor-

mance data and drag measurements than in previous work.

4. The vibratory hub loads generally increase with advance ratio, and vertical

out-of-plane forcing reaches a maximum at µ = 0.9. The vertical hub load

harmonics show a dominant 4/rev component and a smaller 8/rev component.

A large 1/rev component in the in-plane forces indicated a mass imbalance in

the rotor and hub, while the same feature in the normal force indicated an

aerodynamic imbalance.

5. A comparison of rotor performance measurements to predictive results from

UMARC demonstrated good overall agreement for advance ratios from 0.3 to

0.7. At high collectives, the thrust was slightly over-predicted and the power

was slightly under-predicted, while the rotor lift-to-drag ratio was satisfactorily

predicted. Thrust reversal was shown to occur at µ = 0.9 for this rotor in both

experimental and predicted results.

6. The effects of 4 degrees of positive and negative longitudinal shaft tilt on rotor

performance were studied for advance ratios of 0.5, 0.7, and 0.8. Rotor lift-

to-drag ratio was shown to significantly increase for lower collectives at high

µ simply by adding 4◦ of rearward shaft tilt: a 10% increase in lift-to-drag

was measured at µ = 0.8 and θ0 = 0◦. UMARC analyses correlated well with

zero and aft shaft tilt; however, the predictions under-estimated power and

overestimated thrust, which resulted in a slight over-prediction in lift-to-drag

ratio.
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7. A 3-D printed fuselage was designed and manufactured for this work to support

future tests involving various compound configurations. A limited number of

cases were run with and without the fuselage to characterize the effects on

the rotor, and results indicated the fuselage induces no significant changes in

rotor performance for advance ratios between 0.3 and 0.9. Lateral cyclic was

affected by the fuselage at high µ, and the increased slope of θ1C versus θ0 was

likely caused by an increased upwash over the front portion of the rotor disk.

5.3 Future Work

There are many opportunities to expand on the work carried out in this re-

search, some of which are detailed in the list below.

1. Blade similarity: Blade similarity has been shown to have a significant effect

on the track and trim state of the rotor, but does not address the potentially

varied effects of different levels of uniformity and similarity. An investigation

into the degree of similarity required to achieve a tracked and trimmed rotor

above advance ratios of 1.0 would provide a benchmark for future testing. Non-

instrumented blades also limit the data that can be measured to performance

and vibratory hub loads; lessons learned could be applied to the fabrication

and testing of instrumented blades with embedded pressure sensors and inset

strain gauges to minimize dissimilarity in the structural and inertial properties

of instrumented blades.
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2. Vibratory loads measurements: The 1/rev component in the hub load

harmonics of this work indicated a mass imbalance and a slight aerodynamic

disparity in the rotor and hub, which should be carefully analyzed and mit-

igated in future tests. Pitch link loads would also provide a beneficial look

into the oscillatory loads over the azimuth, and their measurement would not

require instrumented blades. Testing at higher rotor RPMs (approximately

50%NR) may help clarify trends in vibratory loads; 1200 rotor RPM was

observed to demonstrate a clear increase in magnitude with advance ratio.

Additionally, a new dynamic calibration of the rotor test stand will be per-

formed in the wind tunnel to better understand the frequency and vibratory

response of the test stand mounted on the wind tunnel balance as well as its

effects on the vibratory loads measurements.

3. Rotor stability: Difficulties experienced in trimming the rotor could be re-

examined and potentially mitigated by using higher-harmonic inputs on the

swashplate. At advance ratios above 1.0, when two-per-rev harmonics begin

to dominate, this higher level of control would potentially allow for a more

precisely trimmed rotor and provide more accurate performance and vibratory

loads measurements for validation purposes.

4. Airframe-rotor interactions: The fuselage used in this work is designed to

be used for future investigations of airframe-rotor interactions. A mathematically-

derived curvature allows for accurate modeling in future CFD analysis, which

could model the hub wake and the upwash on the rotor disk more accurately to
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validate the UMARC lifting-line model. Additional structures such as wings

or a tail rotor could also be mounted onto the fuselage, and wind tunnel tests

could be carried out systematically to gain an understanding of the aerody-

namic interactions of compound configurations at high advance ratios.
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