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To investigate the aeromechanics of coaxial counter-rotating lift-offset rotor systems, a comprehensive
analysis model of a laboratory-scale torque-balanced rotor designed for high-advance-ratio forward
flight was developed. Measured blade and control system geometries and structural properties were
input to the model. Lower-order aerodynamics modeling with a free vortex wake method was used.
While previous analytical studies on this coaxial rotor test rig have focused on performance and con-
trol requirements, in this current work, vibratory hub and pitch link loads, the influence of rotor–rotor
phasing and the effects on blade deflections and tip clearance were investigated. The analysis was vali-
dated by wind-tunnel tests at advance ratios of 0.21–0.52 and for a lift offset varying from zero to 25%.
Coaxial rotor performance, pitch link loads, unsteady thrust and rolling moments correlated well with
the measurements. Pitching and rolling moment 2/rev and 4/rev harmonics correlated well for all lift
offsets and advance ratios, whereas the vibratory torque was significantly overpredicted. The correct
trends for varying lift offset and advance ratio were predicted in drag, side force, and thrust harmon-
ics. Corresponding magnitudes were also predicted well, although an underprediction of the side force
4/rev harmonics was observed. Good correlation was found for the predicted blade tip clearance be-
tween the rotors over the entire range of lift offset and rotor–rotor phase angles, showing that advance
ratio had little effect and judicial use of rotor phasing can increase the critical tip clearance.

NOMENCLATURE

CAMRAD II Comprehensive Analytical Model of
Rotorcraft Aerodynamics and Dynamics

CMX rotor rolling moment coefficient,
MX/(ρπΩ2R5)

CMY rotor pitching moment coefficient,
MY/(ρπΩ2R5)

CQ rotor torque coefficient, Q/(ρπΩ2R5)
CT rotor thrust coefficient, T/(ρπΩ2R4)
CX rotor drag coefficient, FX/(ρπΩ2R4)
CY rotor side force coefficient, FY/(ρπΩ2R4)
FPL pitch link forces, N
FZ rotor axial force, N
L/De Lift-to-equivalent-drag ratio
LO lift offset
MX rotor rolling moment, Nm
Nb number of rotor blades
R rotor radius, m
U,L Upper and Lower rotor index superscript
Vtip rotor blade tip speed, ΩR,m/s
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c rotor blade chord, m
n index for rotor n/rev harmonics
rrc radial station of root cutout, m
zR design inter-rotor spacing, m
ztip rotor blade tip displacement, m
∆ztip coaxial rotor blade tip clearance, m
βp precone angle, deg
Θ0,Θ1s,Θ1c collective and cyclic controls, deg
µ advance ratio, V∞/(ΩR)
ρ air density, kg/m3

σ rotor solidity, Nbc/(πR)
Φ rotor–rotor phase angle, deg
ψb rotor blade azimuth angle, deg
Ω rotor angular velocity, rad/s

1. INTRODUCTION

Helicopter configurations using coaxial, counter-rotating
rotor systems have recently been enjoying revived interest
[1]. The reasons for this are mostly their compactness, i.e.,
minimized footprint making them more suitable for con-
gested operating environments (such as in cities [2] or on
ship decks), and good overall efficiency by saving the ad-
ditional power needed for the tail rotor (that is needed for
torque-balancing the main rotor system). However, coaxial
rotor systems are not a panacea either, because the aero-
dynamic interactions between the rotors can have a variety
of sometimes detrimental effects on system performance,



structural loads, or noise emissions. These interactional
aeromechanics are yet not well understood, and so it has
been mostly unclear how exactly the upper rotor affects the
lower rotor and vice versa.

Current VTOL aircraft compromise between efficient
hover performance and forward flight performance. With
both high-speed capability and range being important fu-
ture requirements, the aforementioned compromise is even
more of a challenge. Whereas tiltrotor aircraft have ex-
tended range and good high-speed performance, their hover
performance is, in general, inferior to that of conventional
helicopters or compound helicopters because of their high
disk loading [3]. Conversely, fast edgewise flight of con-
ventional helicopter designs is mainly limited by the asym-
metric aerodynamics at the rotor disk and associated re-
treating blade stall.

One concept to overcome these forward flight speed
limitations imposed by the dynamic stall on the retreating
side of the rotor disk is by off-loading the retreating blade
from its requirement to balance the lift that is being gen-
erated on the advancing side of the rotor disk, i.e., to al-
low non-zero roll moments at the individual rotors. In this
way, the full lift potential of the advancing blade can be re-
alized, allowing it to operate at angles of attack closer to
the optimum, therefore also attaining better performance at
high forward flight speeds or high advance ratios. This can
be accomplished by two counter-rotating rotors in a coax-
ial configuration (see Fig. 1), such that most of the lift is
produced by the advancing blades of each individual rotor
while maintaining roll moment trim of the entire rotor sys-
tem and aircraft (because the individual rotor rolling mo-
ments balance out each other). Such coaxial rotor systems
designed for high advance ratios have gained increased at-
tention in recent years, up to the point of full-scale technol-
ogy demonstrators like, e.g., the X2 from Sikorsky [4–7].

A comprehensive overview of previous experimental
work on coaxial rotors until 1997 is given by Coleman
[8]. Ramasamy [9] conducted a more recent experimen-
tal study on the influence of interactional aerodynamics on
the power requirements for a number of different rotor sys-
tems, including tandem, side-by-side, and coaxial rotors.
However, the majority of the work on coaxial rotor systems
utilizing lift offset has been done using analytical models of
various levels of fidelity. A fidelity level analysis of such
models and the effects on the predictions are reported in
[10], including validation by laboratory (model-scale) ro-
tor test data.

Comprehensive analysis has been used to include the
effects of structural dynamics using lower-order aero-
dynamics modeling, and so investigate the effects that
lift offset and blade loading have on the rotor perfor-
mance [11, 12]. Coupled computational fluid dynam-
ics/computational structural dynamics (CFD/CSD) anal-
yses have also been conducted [13, 14] using higher-
order CFD modeling (mostly unsteady Reynolds-averaged
Navier–Stokes, URANS) for the aerodynamics, together

with comprehensive rotor codes to solve for the blade mo-
tions and the structural dynamics such as elastic blade de-
formations. However, higher-order aerodynamics model-
ing does not necessarily improve the correlation to mea-
surements [14] and any numerical prediction still needs
validation by well-controlled experiments.

Model-scale experiments have been performed for a
high-advance-ratio 2-by-2 bladed coaxial rotor system in
hover [15–18] and in forward flight [19] using the Glenn
L. Martin Wind Tunnel at the University of Maryland; see
Fig. 1). Furthermore, comprehensive analysis has been
done for the same (approximately 2m-diameter) rigid coax-
ial rotor system [20–24]. Focusing on the effects from
blade crossings, additional studies investigated the tran-
sient loads and blade deformations in a 1-by-1 bladed coax-
ial rotor system during hover by both analysis and experi-
ments [25]. Further comprehensive analysis for different
coaxial rotor systems were also done by Yeo et al. [26],
by using other codes, such as RCAS, which previously
showed excellent agreement with CAMRAD II for tiltro-
tor models [27],

Rigid rotors are one key technology enabler for coax-
ial rotor systems that are designed for high forward flight
speeds [1]. The significantly reduced flapping motion of
the rotor blades allows for smaller rotor spacing (reducing
the hub drag) and also enables lift offset [5, 6]. However,
steady and unsteady airloads, and the increased vibratory
forces and moments that are produced by such rigid rotors
are directly transmitted to the hub, pitch links, and other
components. Therefore, these effects need to be well un-
derstood to be able to design such rotor systems against,
e.g., structural fatigue of the aforementioned mechanical
components. Furthermore, aerodynamic interactions be-
tween the upper and lower rotors, blade deflections and, in
particular, their effects on blade clearance need to be inves-
tigated further, and this is particularly important for rotor
systems designed with a small rotor–rotor spacing (for hub
drag reduction).

To this end, in the present work, a comprehensive mod-
eling effort is discussed, also showing correlations with
model-scale wind-tunnel tests to validate the modeling ap-
proach. A detailed level of structural dynamics modeling
of the rotor blades was used with a comprehensive analysis
including lower-order aerodynamics, namely a free vortex
wake (FVW) method, to ensure computational efficiency.
This fast and efficient modeling approach without the need
to use high-performance computing facilities will enable
quick analyses and parameter sweeps in the design stage.
The predictive model was validated in forward flight at
several advance ratios of up to 0.52 and lift offsets of up
to 25% by comparing to the measurements that were ob-
tained with a coaxial 2m-diameter rigid model rotor in the
Glenn L. Martin Wind Tunnel at the University of Mary-
land. While previous modeling efforts focused on perfor-
mance and controls, the focus of this current work is on
the combined effects of advance ratio and lift offset on the



Fig. 1: 2-by-2 bladed coaxial rotor system in the Glenn
L. Martin Wind Tunnel at the University of Maryland
[19].

vibratory hub and pitch link loads, and also on the investi-
gation of rotor–rotor phasing and blade tip clearance.

2. DESCRIPTION OF THE EXPERIMENTS

Experiments were performed on a 2m diameter, rigid coax-
ial, counter-rotating rotor system; see Fig. 1. Details of the
experimental setup are given in Refs. [16–20] and a sum-
mary of the rotor dimensions and operational parameters
is given in Tab. 1, the control system parameters in Tab. 2
and Fig. 2, and the elastic blade characteristics in Fig. 3.
Data from both hover and wind tunnel tests, performed by
Cameron et al. [16–19], were used to calibrate and validate
the numerical model. Steady and vibratory hub loads, pitch
link loads, blade pitch angles as well as blade tip clearance
were measured at over 400 test conditions, up to an advance
ratio of 0.52 and a maximum lift offset of nearly 25% in-
cluding varying rotor–rotor phasing.

Table 1: Rotor parameters.
Parameter 2-bladed Coaxial
Nb 2 2×2
R, m 1.016 1.016
rrc, m 0.122 0.122
zR, m - 0.140 m (13.8 %R)
Airfoil section VR-12 VR-12
βp, deg 3 3
c, m 0.080 0.080
σ 0.05 0.1 (total)
Vtip, m/s 95.8 95.8
Ω, RPM 900 900

3. MODELING APPROACH

A comprehensive analysis of the presented rotor configura-
tion was performed using CAMRAD II [28], an aerome-
chanics analysis tool for rotorcraft that incorporates a

Table 2: Control system parameters.
Parameter Upper Rotor Lower Rotor
Pitch horn length, m 0.013 0.0348
Pitch link stiffness, N/m 7.0×105 7.3×105

Axial pitch link length, m 0.873 0.1625

(a) Upper (b) Lower

Fig. 2: Upper and lower rotor pitch link geometries.

combination of advanced treatments of rotating systems,
including multibody dynamics, nonlinear finite element
methods, and rotorcraft aerodynamics models. In this
study, the rotor blade aerodynamics were modeled based
on lifting line theory using steady two-dimensional airfoil
characteristics. These airfoil characteristics of the VR-12
airfoil section were obtained from CFD computations for
multiple Mach numbers and were in good agreement with
experimentally measured rotor thrust and power [23].

The aerodynamics model consisted of 22 aerodynamic
panels along with 16 structural beam elements per blade.
Unless otherwise noted, 24 azimuthal positions were calcu-
lated per rotor revolution. A computationally efficient free
vortex wake (FVW) method was used to compute the rotor
wake including interaction between the wakes of the two
rotors. The free wake method discretizes the rotor wake
into vortex filaments and then calculates the velocities in-
duced by the filaments on each other, and on the flow field,
using the Biot–Savart law [29, 30].

In the current FVW analysis, a multiple trailer model
with two trailers and vortex roll-up was used that previ-
ously showed good predictions of the lift distribution, vi-
brations, and tip vortex geometry [31]. Bagai–Leishman’s
vorticity distribution [32], a Bagai–Leishman vortex core
radius growth model [29] and a general free wake geome-
try allowed rotor–rotor interactions to be accounted for. In
order to sufficiently account for any form of blade–vortex
or vortex–vortex interaction that affects the results, the near
wake was truncated after 60◦ of wake age and the far wake
was truncated after ten rotor revolutions of wake age with
the wake’s distortion being extended by another five rotor
revolutions. The shed wake was accounted for only in for-
ward flight conditions.

The rotor and control system parameters of the exper-
imental setup and the CAMRAD II model were identical;
see Tabs. 1, 2 and Figs. 2, 3. In the numerical model, elas-
tic pitch links were used to account for the combined tor-
sional stiffness of the rotor blade and pitch control mech-
anism. The pitch link elasticities are shown in Tab. 2 and
the geometric parameters of the pitch control system can
be visualized with Fig. 2. These (scaled) rotor parameters



Fig. 3: Rotor blade spanwise structural properties.

(see Tab. 1) are similar to those of the Sikorsky X2 tech-
nology demonstrator [4–7], that successfully demonstrated
high-advance-ratio flight. Therefore, the current setup is
well suited to perform aeromechanics model validation of
a coaxial rotor model designed for fast forward flight.

Measurements obtained with the previously described
experimental setup were used to validate the numerical
model [16, 20]. This setup included a cuffed (and thus
stiffer) blade geometry for the inboard sections. The struc-
tural properties of the rectangular and non-twisted com-
posite blades were measured by static blade bending tests;
see the distribution of measured values of the blade sec-
tion mass m0, the axial stiffness EA, the flapwise and lag-
wise bending stiffness EIY and EIZ , and the torsional stiff-
ness GJ in Fig. 3. Blade sectional parameters at the blade
grip (between root cutout outboard location at 0.12R and
0.19R) were adjusted accordingly in order to match the
non-rotating natural frequencies with measured data. This
is a reasonable and physics-based assumption because, for
mounting purposes, the blade had three holes at the inboard
sections (see Fig. 2) decreasing, e.g., the lag stiffness ac-
cordingly.

In order to account for the finite stiffness of the blade
mounting in flap direction during testing, the according in-
board elasticities at the root cutout section (0R to 0.12R)
were adjusted in flap direction in the modeling by match-
ing the 1st flap frequency; see Fig. 4. This improved the
model compared to previous analysis [20]. It is a more
realistic representation of the physics because the actual
blade mounting of the wind tunnel test rig was more com-
pliant compared to the rigid static testing that was used for
the detection of the blade non-rotating natural frequencies.
The current approach also incorporated effects from, e.g.,
free play in the blade mountings that may also affect the
resulting blade deflections [20].

Resulting natural frequencies were validated against ex-
perimental test data for the first three flap (F), the first lag
(L) and the first torsion (T) modes; see Fig. 6. Coaxial and
isolated upper and lower rotor hover performance predic-
tions were previously validated against experimental data

Fig. 4: Coaxial rotor tip clearance study with varying
root flap bending stiffness that is reflected by the 1st flap
frequency at Θ0= 8◦, 17% LO, and µ = 0.31.

[20]. Furthermore, isolated and coaxial rotor characteris-
tics with varying blade loadings and increasing advance
ratios agreed well with the experiments [20]. However,
pitch link and vibratory hub load measurements were, at
the stage of previous analysis, not available for the whole
range of operating advance ratios and lift offsets. The fol-
lowing discussion includes some of these new results and it
also includes more experimental and numerical analysis on
the vibratory hub loads and the control system loads over
the full range of operating conditions, including the effect
of phase variation between the rotors.

During hover, a six degree of freedom trim was used that
is described in more detail in Refs. [20, 21]. For the cur-
rent coaxial configuration in forward flight, a five-degree-
of-freedom wind tunnel trim was used that independently
varied the collective of the lower rotor and both cyclic con-
trols of the upper and the lower rotors. The upper rotor col-
lective control was set as input for the wind tunnel trim con-
dition and the other trim parameters were adjusted accord-
ing to the flight condition. This trim algorithm provided
the capability to individually target particular isolated rotor
loads as well as total system loads, and it is the same con-
trol strategy as used in the experiments. The five residuals
for the coaxial trim algorithm were torque balance and in-
dependent pitch and roll moments for each rotor. The trim
convergence criteria was set to less than 0.1%.

Lift offset, LO, is illustrated in Fig. 5 with the thrust
vector of an individual rotor being shifted outboard when
lift offset is applied. Lift offset was defined by

LO =
|CU

MX|+ |CL
MX|

CU
T +CL

T
(1)

for the (total) coaxial rotor system, where CT is the thrust
coefficient and CMX is the roll moment coefficient of each



(a) Zero LO

(b) Non-zero LO

Fig. 5: Illustration of lift offset with thrust distributions
on a coaxial rotor with and without LO (view from nose
to tail).

individual rotor.

The upper rotor rotates in counter-clockwise and the
lower rotor rotates in clockwise direction when viewed
from above. Figure 5 furthermore shows the increased elas-
tic blade flap bending resulting from the thrust vectors be-
ing shifted to the advancing sides for increased lift offsets.

4. RESULTS AND DISCUSSION

Natural frequencies

Figure 6 shows the fan plot including the measured non-
rotating natural frequencies and numerical results for the
whole range of rotational speeds. Validation was per-
formed according to the test environment that excluded
control system elasticities. The numerical results using
CAMRAD II agreed well with the experimental data; see
Fig. 6.

Also accounting for the appropriate control system ge-
ometries and representative elasticities (see Tab. 2), the re-
spective predicted natural frequencies were added in Fig. 6
(dashed lines in red for the upper and lower rotor). Control
system elasticities primarily affected the feathering axis,
and hence the torsional mode and the respective natural
frequencies. Both the lower and the upper rotor torsional
frequencies were reduced, with a more significant effect
on the upper rotor control system because of the relatively
small pitch horn length of the upper rotor pitch rods; see
Tab. 2 and Fig. 2.

Table 3 shows the natural frequency data from measure-
ments for each mode and the according standard devia-
tions. The table also includes the CAMRAD II results for

Fig. 6: Predicted fan plot, calibrated by measured non-
rotating blade natural frequencies, shown as open cir-
cles (dashed lines include control system elasticities).

the validated non-rotating condition (0 RPM), the nominal
operational speed (900 RPM), and also a high-speed case
of 1800 RPM, which is a test condition that was used for
previous measurements that are not reported in the current
work. Table 3 also shows the predicted 1st torsional natural
frequency of the upper and lower rotor blades with elastic
pitch links.

Lift-to-drag ratio

Because hover performance as well as a wide range of wind
tunnel performance data including variations for lift offset,
advance ratio and collectives were previously evaluated in
Ref. [20], here only the coaxial rotor lift-to-drag ratios are
shown. Figure 7 shows the lift-to-drag ratio versus advance
ratio and Fig. 8 versus lift offset. The rotor lift-to-drag ratio
is defined [32] by

L/De =
CT

CQ
µ +CX

(2)

with CT being the rotor’s thrust coefficient, CQ the torque
coefficient, µ the advance ratio, and CX the rotor drag coef-
ficient. For the combined coaxial rotor system, the numer-
ical results were in good agreement with the experimental
data, although the individual upper and lower rotor L/De
magnitudes differed much more from each other in the test
data compared to the numerical results. The CAMRAD
model captured this effect at very high speeds (µ > 0.5)
where not only the coaxial but also the individual upper and
lower rotor lift-to-drag ratios correlated well; see Fig. 8.
An increasing advance ratio showed an increasing lift-to-
drag ratio until a performance maximum was reached, and
it decreased again at higher speeds; see Fig. 7. Notice that
the best performance occurred at higher advance ratios for
increasing collectives.



Table 3: Modal Frequencies, in Hz, for a rigid control system except where noted.

Mode Exp. freq.
0 RPM

Exp. standard
deviation
0 RPM

CAMRAD II
0 RPM

CAMRAD II
900 RPM

(100 % nominal)

CAMRAD II
1800 RPM

(200 % nominal)
1st Flap 16.2 ± 0.20 16.13 24.91 (1.66/rev) 40.51 (1.35/rev)
1st Lag 65.8 - 65.79 66.09 (4.40/rev) 67.79 (2.26/rev)
2nd Flap 92.5 ±0.50 92.49 101.77 (6.78/rev) 125.45 (4.18/rev)
1st Torsion 159.6 ±1.00 159.70 161.45 (10.76/rev) 165.71 (5.52/rev)
1st Torsion (elastic upper PL) - - 122.50 126.13 (8.41/rev) 133.46 (4.45/rev)
1st Torsion (elastic lower PL) - - 154.10 155.92 (10.39/rev) 160.47 (5.35/rev)
3rd Flap 235 ± 5.00 240.00 249.64 (16.64/rev) 276.53 (9.22/rev)

Fig. 7: Coaxial rotor lift-to-drag ratio versus advance
ratio for zero LO and multiple collectives.

The variation of lift offset (see Fig. 8) also showed max-
ima of L/De. At higher speeds, the off-loading from the re-
treating blade becomes more effective, and so the lift offset
becomes more advantageous. It also shows that up to an
advance ratio of µ = 0.21, the effect of lift offset decreases
the rotor’s performance. Hence, lift offset may only have a
positive impact on the performance above a certain advance
ratio, which was greater than µ = 0.21 for the current con-
figuration.

Pitch link loads

Fig. 9 shows the variation of pitch bearing damping ratios
for a validation of the 1/rev pitch link harmonics. The ex-
perimental data showed increased 1/rev characteristic mag-
nitudes for the movement around the feathering axis. This
is because of increased damping due to the grease in the
pitch bearings. In order to sufficiently compensate for this
effect, this numerical study (Fig. 9) shows the effects from
varying pitch bearing damping ratios in the CAMRAD II
model in comparison to two experimental data sets (i.e.,
two test cases under identical operating conditions). The
first ten harmonics were included to show that the pitch
damping primarily affected the 1/rev harmonics, and only
slightly influenced some of the higher harmonics, such as

Fig. 8: Coaxial rotor lift-to-drag ratio versus LO at
Θ0 = 8◦ for multiple advance ratios.

the 8/rev harmonics.

The shown test condition was for an advance ratio of
µ = 0.31 and an upper rotor collective pitch, Θ0, of 8◦. Be-
cause of the difference in (upper and lower) rotor control
system geometries (see Tab. 2 and Fig. 2), the lower ro-
tor (not shown) had reduced magnitudes in the 1/rev pitch
link forces. However, the characteristics with varying pitch
damping were identical to the upper rotor because the same
bearings were used. The numerical study showed that a
pitch-bearing-induced damping of 0.03 Nms/rad was the
most accurate. Therefore, this damping was used to model
both the upper and the lower rotor in the subsequent analy-
ses.

Figure 10 examines the pitch link loads harmonic con-
tents (1/rev – 4rev) with varying advance ratio and Fig. 11
shows the phase-averaged pitch link loads (mean removed)
in the time domain at three different advance ratios. Notice
that the shaded area in the phase-averaged loads indicates
data scatter over 100 rotor revolutions that were used to ob-
tain phase-averaged results from the experiment [18, 20].

In general, the following numerical results used a lift
offset resolution of 5−8% (depending on the individual ad-
vance ratio) corresponding to a stepwise increasing rolling
moment coefficient of ∆CMX = 10. Numerical results in
the time domain were reconstructed by using the first 10



Fig. 9: Upper coaxial rotor pitch link load har-
monic magnitudes for varying pitch bearing damping
at Θ0 = 8◦, µ = 0.31, and Φ= 0◦.

harmonic responses and visualized with 1 deg in azimuth
of accuracy.

Figure 11 shows that the resulting 1/rev peak locations
(i.e., the phasing) correlated well with the measurements
for 0%, 10%, and 20% lift offset. The 1/rev pitch link force
characteristics can also be seen from Fig. 10, where both
the lower and the upper rotors 1/rev magnitudes in the pitch
link loads correlated well with the test data. The amplitudes
of the dominating 1/rev harmonics decreased with increas-
ing lift offset for both the upper and the lower rotor because
of the off-loading of the retreating blade with larger lift off-
sets. By that, the retreating blade must no longer achieve
such high angles of attack in order to counteract the lift that
is produced on the advancing side.

The effect of off-loading the retreating blade can also
be seen in Fig. 12 where the numerically determined an-
gles of attack for both the upper and the lower rotor are
shown for three lift offset conditions. The area of high an-
gles of attack on the retreating blade reduced with increas-
ing lift offset. A more evenly distributed angle of attack
over the rotor disk results in decreased 1/rev load harmon-
ics for an improved lift offset setting. Note that accord-
ing to the equations of motion, not only the aerodynamics
but also the blade inertias, torsional dampings and torsional
elasticities affect the resulting pitch link dynamics, which
was accounted for in the analysis. At the currently inves-
tigated free stream Mach number of about 0.1, the VR-12
airfoil showed effects from blade stall starting from about
11◦ of angle of attack [22]. Hence, with increasing lift off-
set also the areas decreased where blade stall occurred; see
Fig. 12).

Figure 10 also shows that besides the 1/rev, the other
predicted pitch link load harmonics (2/rev – 4/rev) corre-
lated well with the experiments. Only the 3/rev harmonics
showed slight underprediction compared to the test data,
and these were greater for the upper rotor. This outcome
resulted from higher harmonic content in the experimental

(a) 1/rev (b) 2/rev

(c) 3/rev (d) 4/rev

Fig. 10: Harmonic pitch link load magnitudes at
Θ0 = 8◦, µ = 0.31, and Φ= 0◦.

data compared to the CAMRAD II results; see also Fig. 11.
This is because of the free play in the pitch control system
of the test rig [20].

Hub loads

Figures 13 and 14 show the axial hub loads and the result-
ing rotor rolling moments as a function of azimuth for the
upper and the lower rotors at three lift offset conditions, for
an advance ratio of µ = 0.31 and an upper rotor collective
pitch of Θ0 = 8◦ (the lower rotor collective is then found
from the required torque balance). Figures 15 – 20 show
the hub forces and moments content in the frequency do-
main for (a) 2/rev and (b) 4/rev results from both numerics
and experimental data in all three directions, respectively.
Included is the entire range of lift offsets (0% – 25%) and
advance ratios (0.21 – 0.52) that were tested in the wind
tunnel with an upper rotor collective pitch set to Θ0 = 8◦.

Figure 13 shows that the phasing and the magnitudes
of the rotor axial forces (or thrust) over one rotor revolu-
tion correlated well with the measurements for zero and
medium (represented here by 10% LO) lift offset condi-
tions. With lift offset increasing further, the measured
data showed increasing higher-frequency and uneven (es-
pecially 1/rev) frequency content. These effects can at least
in part be explained by dissimilarities between the blades
in terms of mass distribution resulting in a slight rotor im-
balance that produced additional harmonics in the experi-
ments. Furthermore, it was difficult to visually track the
blades because the rigid rotor hub and the stiff rotor blades
resulted in small tip deflections [20]. Therefore, neither
magnitude nor phase correlated well for this high lift offset
condition of LO = 20%. CAMRAD II shows that the 4/rev
contend from rotor–rotor interactions becomes the domi-
nating dynamics of the rotor axial forces with increasing



(a) Upper, 0 % LO (b) Upper, 10 % LO (c) Upper, 20 % LO

(d) Lower, 0 % LO (e) Lower, 10 % LO (f) Lower, 20 % LO

Fig. 11: Pitch link forces, FPL, (mean removed) at Θ0 = 8◦, µ = 0.31, and Φ= 0◦ for three different lift offsets.

(a) Zero LO (b) 10% LO (c) 20% LO

Fig. 12: Upper and lower rotor angles of attack for the reference blade of each rotor at Θ0 = 8◦, µ = 0.31, and
Φ= 0◦ for three different lift offsets.



(a) Upper, 0 % LO (b) Upper, 10 % LO (c) Upper, 20 % LO

(d) Lower, 0 % LO (e) Lower, 10 % LO (f) Lower, 20 % LO

Fig. 13: Rotor axial forces, FZ, (mean removed) at Θ0 = 8◦, µ = 0.31, and Φ= 0◦ for three different lift offsets.

(a) Upper, 0 % LO (b) Upper, 10 % LO (c) Upper, 20 % LO

(d) Lower, 0 % LO (e) Lower, 10 % LO (f) Lower, 20 % LO

Fig. 14: Rotor rolling moments, MX, (mean removed) at Θ0 = 8◦, µ = 0.31, and Φ= 0◦ for three different lift offsets.



lift offset (see Fig. 13 (c) and (f)) because of the 2/rev mag-
nitudes decreasing for an improved lift offset setting.

The phase and magnitude of the hub rolling moments
correlated well with the measurements; see Fig. 14. While
there were only small magnitudes of mostly even harmon-
ics present at zero lift offset condition, the 2/rev magni-
tudes increased consistently with larger lift offset, resulting
in rising individual upper and lower rotor hub rolling mo-
ments; see also Fig. 19. This happened because the result-
ing thrust vector was further shifted to the advancing side
with increasing lift offset (see Fig. 5) resulting in an in-
creasing 2/rev response for a two-bladed rotor in the fixed
frame. The total coaxial system rolling moment (not shown
here), which was almost zero for the shown test condition
because the upper and lower rotor rolling moments were
out of phase, resulted from the superposition of both the
upper and the lower rotor. Trim was achieved with torque
balanced rotors and nominally zero total roll moment.

Note that uneven harmonics were not predicted by the
current 2-by-2 bladed coaxial rotor analytical model be-
cause they were not induced by aerodynamic sources at
the blades, and any other mechanically induced or trans-
mitted vibrations (that may occur in the test rig) cannot be
predicted by this model. Hence, for reasons of clarity the
uneven harmonics were omitted in the frequency domain
for both analysis and experiments; see Figs. 15–20.

Harmonic hub load content is shown with individual
harmonic load coefficients from vibratory data normalized
by each rotor’s mean thrust coefficient CT . Because the
trim procedure targeted constant upper rotor collectives, as
previously shown by Feil et al. [20], varying lift offsets also
resulted in different blade loadings. Hence, by this normal-
ization the results do not include effects of varying blade
loadings but they focus on the dependencies on varying lift
offset.

The trends of both drag and side forces correlated well
with the experiments for both the 2/rev and the 4/rev results
(see Figs. 15 and 16), although the amplitudes were signif-
icantly underpredicted except for the 4/rev in drag. The
4/rev in drag, that can at least in part be attributed to rotor–
rotor interferences and multiples of the 2/rev, showed de-
creasing magnitudes with increasing lift offset and progres-
sively steeper slopes for greater advance ratios. This nearly
linear trend with varying lift offset resulted again from off-
loading the retreating side. Increasing 4/rev magnitudes
with increasing advance ratio resulted from the higher wind
tunnel speeds. The predicted 4/rev characteristics in the
side forces were similar to the 4/rev drag characteristics
but were underpredicted compared to the measurements by
a factor of around 2. This may at least in part be referred
to the load cell dynamics that had a strong influence on the
in-plane forces around the fourth harmonics. Also, the test
stand dynamics from the experimental setup were different
in the longitudinal and lateral directions, which could con-
tribute to the discrepancy between longitudinal and lateral
force dynamics. The numerics as well as the experiments

suggested that a minimum occurred for the 2/rev magnitude
in drag at a certain lift offset. This drag minimum shifted
to greater lift offsets with increasing advance ratio.

The thrust harmonics (see Fig. 17) showed the same
magnitudes and trends in analysis and experiment. They
were accurately predicted with relatively small underpre-
dictions of the 4/rev, mostly at high speeds. Both the upper
and the lower rotor showed decreasing 2/rev magnitudes
with increasing lift offset. At low speeds, this trend reached
a minimum in the 2/rev magnitude and increased again with
larger lift offsets. The changing trend (or slope) in the 2/rev
characteristics at very high lift offsets and low speeds (i.e.,
LO > 15% for µ = 0.21) shown in Fig. 17 resulted from the
retreating blade already being aerodynamically completely
off-loaded and further off-loading the blade at this specific
advance ratio was therefore disadvantageous from a loads
perspective. In this case, the retreating blade was forced to
produce negative lift to reach the targeted rolling moment,
or lift offset, respectively. Figure 8 also showed that the
effect of lift offset was not beneficial for the performance
(L/De) at such low forward flight speeds where a minimum
of the 2/rev thrust harmonics occurred.

An increasing advance ratio increased the resulting
2/rev thrust harmonics of this 2-by-2 bladed rotor because
of the increased relative velocity on the advancing side and
the reduced velocities on the retreating blade. Also, the ap-
parent 1/rev characteristics in the angle of attack variation
(see Fig. 12) were equivalent to the 2/rev characteristics in
the hub loads for this two-bladed rotor because the angle
of attack is shown for the reference blade only and the hub
loads result from both blades accordingly; see e.g., Fig. 17.
Increasing the lift offset off-loads the retreating side and
results, in general, in more evenly distributed angles of at-
tack over the rotor disk. By that it also improves the rotor
efficiency at high advance ratios; see Figs. 7 and 8.

While at low speeds (µ ≈ 0.2− 0.3) the upper and the
lower rotor 2/rev thrust harmonics were approximately of
the same magnitude, at high speeds the upper rotor 2/rev
magnitude was significantly greater relative to the lower ro-
tor. Upper and lower rotor 2/rev thrust diverged because at
higher forward flight speeds greater parts of the upper rotor
wake went past the lower rotor disk (because of the heavily
skewed wake) and resulted in a varying assymmetric aero-
dynamic interaction between the coaxial rotors, inducing
less vibrations on the lower rotor relative to the upper. This
is a similar effect to the thrust sharing reversal that was
observed from hover to faster forward flight [20]. Also,
the current 2/rev thrust characteristics were previously an-
alyzed by Schmaus and Chopra [22] using a different ap-
proach and at a lower collective. The effect of diverging
upper and lower rotor 2/rev thrust magnitudes was insignif-
icant and therefore not analyzed in their work. This out-
come suggested that this effect increased with larger blade
loading, e.g., collective pitch.

The 4/rev thrust characteristics (that are in general
caused by rotor–rotor interactional aeromechanics of a 2-
by-2-bladed coaxial rotor system) showed nearly constant



(a) Drag, 2/rev (b) Drag, 4/rev

Fig. 15: Drag coefficient magnitudes of upper and lower rotor 2/rev and 4/rev harmonics over lift offset at Θ0 = 8◦
and Φ= 0◦ for multiple advance ratios.

(a) Side Force, 2/rev (b) Side Force, 4/rev

Fig. 16: Side force coefficient magnitudes of upper and lower rotor 2/rev and 4/rev harmonics over lift offset at
Θ0 = 8◦ and Φ= 0◦ for multiple advance ratios.

(a) Thrust, 2/rev (b) Thrust, 4/rev

Fig. 17: Thrust coefficient magnitudes of upper and lower rotor 2/rev and 4/rev harmonics over lift offset at
Θ0 = 8◦ and Φ= 0◦ for multiple advance ratios.



(a) Pitching Moment, 2/rev (b) Pitching Moment, 4/rev

Fig. 18: Pitching moment coefficient magnitudes of upper and lower rotor 2/rev and 4/rev harmonics over lift
offset at Θ0 = 8◦ and Φ= 0◦ for multiple advance ratios.

(a) Rolling Moment, 2/rev (b) Rolling Moment, 4/rev

Fig. 19: Rolling moment coefficient magnitudes of upper and lower rotor 2/rev and 4/rev harmonics over lift offset
at Θ0 = 8◦ and Φ= 0◦ for multiple advance ratios.

(a) Torque, 2/rev (b) Torque, 4/rev

Fig. 20: Torque coefficient magnitudes of upper and lower rotor 2/rev and 4/rev harmonics over lift offset at
Θ0 = 8◦ and Φ= 0◦ for multiple advance ratios.



magnitudes for varying lift offsets and for both rotors; see
Fig. 17. According to this result, the interference effects
did not significantly change with off-loading the retreating
blades.

Individual upper and lower rotor hub pitching and
rolling moment harmonics are shown in Figs. 18 and 19.
Both show equivalent magnitudes and trends compared to
the measured values. Pitching and rolling moments 2/rev
magnitudes increased nearly linearly with greater lift offset
because of the resulting lift vector being further shifted to
the advancing side of each rotor. For example, the rolling
moment was maximal when the blades were at the advanc-
ing and retreating sides over the rotor disk and it was min-
imal when the blades were located at the nose and the tail
sections; see Fig. 14. 4/rev magnitudes showed only minor
variations with changing lift offset or advance ratio, with
constantly low magnitudes over the range of analyzed and
tested conditions.

The torque magnitudes (see Fig. 20) matched the ex-
periments primarily at low speeds (µ = 0.21) for the 2/rev
response and otherwise overpredicted the experiments, par-
ticularly at low lift offset conditions with high advance ra-
tios. At low lift offset condition, the experiments suggested
that there was only a minor dependency from advance ra-
tio on the 2/rev characteristics in torque, whereas CAM-
RAD II predictions showed significantly increasing mag-
nitudes with greater wind speeds. The 2/rev torque, aris-
ing due to a variation in blade drag over the azimuth, de-
creases with increasing lift offset because of the favorable
angle of attack distribution; see Fig. 12. The overpredic-
tion of torque may at least in part be explained by the re-
spective elasticities of the drive train in the experimental
setup. 4/rev torque harmonics were also overpredicted by
the analysis. CAMRAD II predicted similar trends in 4/rev
compared to the 2/rev harmonics. Increasing magnitudes
resulted from greater advance ratios at low lift offsets, and
reduced magnitudes for increasing lift offset, particularly
at high advance ratios.

Effect of rotor–rotor phasing

Figure 21 shows the definition of the rotor–rotor phase an-
gle, Φ, in this coaxial rotor system. An increasing phase
angle shifts the first blade crossing from Ψb = 0◦ at zero
rotor–rotor phasing (Φ = 0◦) to higher blade azimuth an-
gles, Ψb. For a 2-by-2 bladed coaxial rotor system, the
first blade crossing happens at the rotor–rotor phasing an-
gle Ψb = Φ, the second at Ψb = Φ + 90◦, the third at
Ψb = Φ+180◦ and the fourth at Ψb = Φ+270◦. Zero az-
imuth was defined to be aligned with the tail-boom section,
i.e., opposite the approaching flow. For a 2-by-2 bladed
coaxial configuration, the rotor–rotor phasing may be var-
ied between 0◦ and 45◦.

The individual upper, lower, and total coaxial system
rolling moments are shown in Fig. 22 for the three rotor–
rotor phase angles that were tested in the wind tunnel. Note

Fig. 21: Rotor–rotor phase angle definition, also show-
ing dummy fuselage from experiments.

that measurements with phase angle variation were only
taken for Θ0 = 6◦ and µ= 0.31, which is why the following
results corresponding to the effect of rotor phasing are all
shown for this collective and advance ratio. Results from
the numerical analysis showed the same trends and mag-
nitudes as the experiments for all tested phase angles; see
Fig. 22.

At zero inter-rotor phasing the upper rotor showed pos-
itive peak rolling moments while the lower rotor had nega-
tive peaks at the same azimuth effectively counteracting the
upper rotor rolling moment. For increasing phase angles,
the individual phases were shifted accordingly to higher Ψb
for the upper rotor and to lower Ψb for the lower rotor; see
Fig. 22. At Φ = 45◦, the superposition of the upper and
lower rotor rolling moments maximally increased the total
coaxial system response, with the upper and lower positive
and negative peaks being in phase with each other, resulting
in increased 2/rev harmonics amplitudes of the total coaxial
system rolling moment. However, the 2/rev rolling moment
magnitude of the individual upper and lower rotors was the
same with varying rotor–rotor phase as the 2/rev amplitude
of each individual rotor primarily depended on the tested
lift offset condition; see Fig. 14.

Figure 23 shows the resulting total coaxial system 2/rev
roll moment harmonics magnitudes for increasing rotor–
rotor phasing and for five lift offset conditions from zero
to 21% LO. Analytical results included ten varying phase
angles in steps of 5◦ that were connected with a spline for
visualization purposes. Again, the effect of lift offset in-
creasing the 2/rev rolling moment harmonics became ob-
vious. Furthermore, the increasing 2/rev magnitudes with
increasing rotor–rotor phasing that was observed in Fig. 22
is shown in more detail in Fig. 23.

Figure 24 shows both the upper and the lower rotor
blade path at 0.9R over one rotor revolution for three differ-
ent rotor–rotor phasings and at zero and high (≈ 19%) lift
offset. Note that for an evaluation of the upper and lower
rotor clearance, the respective blade crossings are shown



(a) Φ = 0◦ (b) Φ = 20◦ (c) Φ = 45◦

Fig. 22: Upper, lower and (total) coaxial system rolling moments, MX, at Θ0 = 6◦, µ = 0.31, and LO≈ 16% for
three different rotor–rotor phase angles, Φ.

as vertical dashed lines and the azimuth angles of both ro-
tors were defined according to Ψb that is shown in Fig. 21.
Figure 24 shows that an increasing lift offset resulted in an
off-loading of the retreating side and an increased loading
on the advancing side (see Fig. 12) that yielded increasing
blade deflections on the advancing side and reduced deflec-
tions on the retreating side of each rotor, thus reducing the
tip clearance.

The critical blade crossing was at the fourth crossing at
Ψb = Φ+ 270◦, where the lower blade was flapped in up-
ward direction and the upper blade was flapped in down-
ward direction; see Fig. 24. An increasing phase angle
slightly affected the resulting blade path because of chang-
ing transient loads during blade crossing [25], and the re-
spective blade crossings location changed to larger azimuth
for an increasing phase angle, which also affected the re-
sulting tip clearance at each blade crossing, e.g. at maxi-
mum phasing, Φ = 45◦, the third crossing was at nearly the
same clearance compared to the fourth crossing; see Fig-
ure 24 (c).

In Fig. 25 (a) the resulting coaxial rotor blade tip clear-
ance at the critical blade crossing is shown over lift offset
for three phase angles, and in Fig. 25 (b) for Φ = 0◦ and
the range of advance ratios that was tested. Tip clearance
was normalized according to

∆zred.
tip = ∆ztip

Ctotal
T, mean, zero LO

Ctotal
T, mean

(3)

with ∆ztip = zU
tip− zL

tip being the resulting tip clearance and
the ratio between mean total coaxial thrust coefficient at
zero lift offset, Ctotal

T, mean, zero LO, relative to the equivalent
thrust coefficient at varying lift offset, Ctotal

T, mean. By re-
ducing the data with the individual thrust characteristics
the shown results for the tip clearance are independent
of changes in rotor thrust with varying lift offset (when
trimmed to a constant Θ0) and render it possible to ana-
lyze the pure effect of lift offset. This dependence of thrust
on lift offset was discussed previously in Ref. [20].

Figures 25 (a) and (b) show that the resulting rotor–
rotor tip clearances reduced with increasing lift offset. The

Fig. 23: 2/rev harmonic magnitudes of (total) coax-
ial system rolling moments as a function of inter-rotor
phasing at Θ0 = 6◦, µ = 0.31, and for various LO.

changing peak locations with varying rotor phasing as il-
lustrated in Fig. 24 in the time domain also resulted in
larger rotor–rotor clearance with greater phase angles, seen
from both the analysis and the experiments; see Fig. 25 (a).
This is because at higher lift offset conditions the result-
ing deflection peak locations were dominated by the ad-
vancing and the retreating sides of each blade, and with
increasing phase angle the critical fourth blade crossing
steadily moved further to higher Ψb; see Fig. 24. Hence,
an increasing rotor–rotor phase angle increased the mini-
mum tip clearance, with greater influence at larger lift off-
sets. While keeping in mind that the total coaxial rolling
moment 2/rev characteristics significantly increased with
larger rotor–rotor phasing, this effect could consciously be
used for such closely spaced coaxial rotors to get greater
tip separations, especially at large lift offset operation.

Figure 25 (b) improves previously shown results from
Feil et al. [20] by adaptation of the blade root flap bend-
ing stiffness validated at the 1st flap frequency, as described
previously in the modeling approach; see Fig. 4. The pre-
dicted clearances showed the same trends and magnitudes
compared to the experiments, with slight overpredictions at
high lift offsets.



(a) Φ = 0◦ (b) Φ = 20◦ (c) Φ = 45◦

Fig. 24: Upper and lower rotor blade deflection predictions at 90% radius for three different rotor–rotor phase
angles at Θ0 = 6◦, µ = 0.31, and for zero and high (≈ 19%) LO. Vertical dashed lines depicting blade crossings.

(a) Three phase angles at µ = 0.31 and Θ0 = 6◦ (b) Four advance ratios at Φ = 0◦ and Θ0 = 8◦

Fig. 25: Coaxial rotor tip clearance at 90% radius at the fourth blade crossing for (a) three different rotor–rotor
phase angles and for (b) four advance ratios, for increasing LO.

By reducing the data according to Eq. 3 it is shown that
an increasing advance ratio only slightly affected the re-
sulting tip clearance. Previous analysis [20] suggested in-
creased clearance with higher advance ratio only because
of the thrust dependency on lift offset, i.e., because the
thrust or blade loading was significantly affected by lift off-
set if the rotor was trimmed to a fixed collective pitch.

5. CONCLUSIONS

Coaxial rotorcraft aeromechanics were analyzed and eval-
uated by means of a comprehensive analysis. The model
was validated by extensive experimental data from hover
and wind tunnel tests for varying lift offsets between zero
and 25% and advance ratios up to 0.52. This paper contin-
ued previous efforts [20,21] and focused on the progressing
validation of the numerical model and the analysis of the
2m-diameter coaxial rotor test rig in terms of blade dynam-
ics, control loads and hub loads. Effects such as rotor–rotor
phasing and resulting tip clearance for this lift-offset rotor
configuration were also investigated.

The following specific conclusions have been drawn:

• The rotor blade structural dynamics of the CAM-
RAD II model were calibrated by the first three flap,
the first lag and the first torsion non-rotating natural
frequencies. Modeling of control system elasticities
reduced the first torsional frequency of the upper and
the lower rotor according to their respective control
system geometries and stiffness.

• The evaluation of the performance in terms of lift-
to-drag ratio showed that, in general, the faster the
wind tunnel was operated the more advantageous was
a greater lift offset.

• Pitch link loads correlated well with the experiments
in both magnitudes and phase. Off-loading the retreat-
ing blade, i.e., a greater lift offset significantly reduced
the magnitude of the first harmonic pitch link load.

• Good agreement between the numerical model and
the experiments were found in the vibratory rotor
thrust, pitching and rolling moments. Rotor drag also
showed good correlations with a slight underpredic-
tion in the 2/rev magnitude, and the side force pre-
dictions showed the correct trends but with underpre-



diction of the 2/rev and 4/rev magnitudes. Vibratory
rotor torque was overpredicted, which is attributed to
the finite stiffness of the drive train components in the
experiments that were not accounted for in the model-
ing.

• Rotor thrust 2/rev decreased with greater lift offset
due to the off-loading of the retreating blade. Increas-
ing asymmetric aerodynamic interactions at higher ad-
vance ratios resulted in greater 2/rev magnitudes at the
upper rotor relative to the lower rotor.

• Individual rotor hub rolling moments correlated well
with the experimental data in both magnitude and
phase for variable lift offsets and rotor–rotor phase
angles. Resulting 2/rev (total) coaxial system rolling
moments increased significantly with larger phase an-
gles because of the individual upper and lower rotor
moment peak locations being shifted relative to each
other with varying phase angle.

• Inter-rotor phasing slightly affected the blade tip
paths. Because of the changing azimuthal locations
of the blade crossings with varying phase angle, modi-
fied coaxial rotor–rotor clearance was found from both
analysis and experiments. Larger phasing increased
the minimum clearance, with more pronounced ef-
fects at high lift offset operation. It also resulted in
greater 2/rev magnitudes of the (total) coaxial system
rolling moment.

Future work includes further improvements of the model-
ing capabilities by using, e.g., non-rigid drive train mod-
els, and to examine the effects of the aerodynamic sources
such as blade vortex interaction effects on the rotors vibra-
tory loads for such closely spaced rotors. The validated
comprehensive analysis will also be used to model com-
pound rotorcraft configurations with auxiliary propulsors.
The current work on the interactional aerodynamics and
dynamics of a model-scale high-advance-ratio coaxial rotor
intends to further the understanding of such configurations,
and therefore will also be of interest for current and future
designs that use thrust compounding.
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