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ABSTRACT
This paper presents a high-speed wind tunnel investigation of compound helicopter aeromechanics, focusing on the
effects of various lift and thrust compounding strategies. Six rotorcraft configurations, incorporating various combi-
nations of wings and a pusher propeller, were tested at advance ratios up to 0.7. The comprehensive dataset includes
measurements of performance, blade structural loads, and hub vibratory loads. The test data were used to validate
the University of Maryland Advanced Rotorcraft Code (UMARC) comprehensive analysis model. Results show that
asymmetric half-wing lift compounding is most beneficial for maximizing high-speed lift-to-drag ratio due to a com-
bination of wing-rotor lift sharing and rotor lift offset. Wing lift sharing significantly reduces blade structural and
vibratory loads. At high advance ratios, achieving propulsive trim requires substantial propeller power, exceeding that
of the main rotor. The objective of this research is to gain insight into the features of compound helicopters that enable
efficient high-speed flight to inform future design decisions.

NOTATION

Symbols

A Rotor disk area, πR2, ft2

AT Tunnel cross-sectional area, ft2

AW Half-wing area, ft2

CDW Wing drag coefficient, DW/ρA(ΩR)2

CH Horizontal longitudinal force coefficient,
H/ρA(ΩR)2

CL Lift coefficient, L/ρA(ΩR)2

CLW Wing lift coefficient, LW/ρA(ΩR)2

CMX Hub rolling moment coefficient, MX/ρA(ΩR)2R
CMW Wing rolling moment coefficient, MW/ρA(ΩR)2R
CQ Torque coefficient, Q/ρA(ΩR)2R
CT Thrust coefficient, T/ρA(ΩR)2

CX Propulsive force coefficient, X/ρA(ΩR)2

CW Wing download coefficient, W/ρA(ΩR)2

DW Wing drag force, positive rearward, lb
FM Figure of Merit
FX , H Rotor horizontal force in hub frame, positive aft, lb
FZ , T Rotor vertical force in hub frame, positive up, lb
FXY Total hub in-plane force, lb
L Lift force, lb
LW Wing lift force, lb
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L/D Aircraft lift-to-drag ratio
L/De Rotor effective lift-to-drag ratio
LO Lift offset, CMX /CT , % R
Mtip Hover tip Mach number, ΩR/a
MW Wing rolling moment, positive roll right, in-lb
MX Hub rolling moment, positive roll right, in-lb
MY Hub pitching moment, positive nose up, in-lb
Q Rotor torque, positive opposite to rotor rotation, in-

lb
R Rotor radius, ft
V∞ Wind tunnel speed or freestream speed, ft/s
X Propulsive force, positive forward, lb
αs Shaft tilt angle, positive rearward, degree
ηp Propulsive efficiency
θ1c,θ1s Lateral and longitudinal cyclic angles, degree
θ75 Collective blade pitch angle at 75% radial station,

degree
θw Wing incidence relative to freestream, degree
λc Propeller cruise inflow
µ Advance ratio, V∞/ΩR
ρ Air density, slug/ft3

σ Rotor solidity, Nbc/πR
ψ Rotor azimuth angle, degree
Ω Rotor rotation speed, rad/s

Acronyms

MFW Maryland Free Wake
RPM Revolutions Per Minute
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SMR Single Main Rotor
TURNS Transonic Unsteady Rotor Navier Stokes
UMARC University of Maryland Advanced Rotorcraft Code

INTRODUCTION

High-speed variable-RPM edgewise rotorcraft represent an
emerging frontier in vertical flight, demanding integrated ad-
vancement in rotor aeromechanics, propulsion, and configu-
ration design beyond conventional platforms. To exceed the
single main rotor (SMR) helicopter’s 170-knot barrier, novel
configurations must overcome the aerodynamic penalties im-
posed on the main rotor at high speeds, while preserving
the efficient hover performance and low-speed agility central
to traditional helicopters. A large-diameter rotor, optimized
for efficient hover, quickly becomes a liability in high-speed
flight. Advancing blade compressibility effects, large reverse
flow regions, and dynamic stall on the retreating side severely
reduce performance while causing significant structural and
vibratory loads (Refs. 1, 2). At high advance ratios, these
aerodynamic extremes are accompanied by competing control
demands: the rotor must simultaneously generate substantial
forward thrust and correct for rotor lift dissymmetry.

Compound rotorcraft address the conflicting demands of high-
speed and hovering flight by redistributing lift and thrust from
the rotor across multiple components. To reach high speeds,
helicopters must first overcome advancing blade tip compress-
ibility, which is addressed by reducing rotor speed at the cost
of operation at high advance ratios. In this regime, lift com-
pounding with auxiliary wings offloads the rotor, reducing
blade loading and limiting the negative effects of the expanded
reverse flow region on the retreating side. Asymmetric lift
compounding, achieved by using a wing solely on the retreat-
ing side, mitigates high-µ rotor airflow dissymmetry by in-
troducing lift offset. This shifts the stiff rotor’s net lift vector
toward the advancing side, where dynamic pressure is higher,
and generates an aerodynamic rolling moment (MX ) on the
airframe (Ref. 3). The asymmetric half wing opposes the
rolling moment from the rotor (MW ). This is represented in
Figure 1. Lift offset is defined in Equation 1.

LO (%R) =
CMX

CT
=

−CMW

CT
(1)

Thrust compounding extends the operational envelope by sup-
plementing the slowed rotor with an independent source of

Figure 1. Diagram of lift offset for a half-wing compound
rotorcraft with a hingeless rotor hub.

axial thrust, commonly a pusher propeller. Decoupling lift
and thrust production enables the rotor to operate at any shaft
angle, reducing aerodynamic penalties from forward rotor tilt
and fuselage form drag. At high speeds, the rotor may be
tilted rearward into a partial descent state, decreasing required
torque (Refs. 4, 5).

Interest in compound rotorcraft surged in the mid-20th cen-
tury, with a series of full-scale experimental programs explor-
ing a wide range of configurations, including the tip-jet driven
Fairey Rotodyne and McDonnell XV-1 helicopter-autogyro
hybrids, the coaxial Sikorsky XH-59, and the modular S-72
Rotor Systems Research Aircraft (RSRA) (Refs. 6–9). These
efforts demonstrated the feasibility and performance bene-
fits of compound designs for high-speed flight but were ul-
timately constrained by structural dynamics and propulsion
limitations, particularly high vibratory loads and the lack of
variable-speed rotor systems. The Lockheed XH-51A demon-
strated high-speed flight up to 263 knots (µ = 0.72), but ro-
tor speed could not be reduced below 95% nominal due to
the onset of structural resonance (Refs. 10–12). Advance-
ments in modern composite materials, digital control sys-
tems, and the innovation of variable RPM engines that fa-
cilitate slowed rotors (Ref. 13) have sparked renewed inter-
est in compound rotorcraft (Ref. 14). The Piasecki X-49A
SpeedHawk features a wing for lift-sharing and a vectored
thrust ducted propeller integrated propulsion/anti-torque sys-
tem for use in both forward flight and hover. Similarly,
the lift and thrust-compounded Airbus X3 is equipped with
two wing-mounted propellers used for auxiliary propulsion
in cruise and anti-torque in hover (Ref. 15). The X3 is suc-
ceeded by the Airbus RACER, demonstrating improved per-
formance at µ > 0.6 (Ref. 16). Bell has developed the lift-
compounded 360 Invictus with detachable wings, enabling
mission-dependent selection between high-speed flight and
enhanced hover performance. Sikorsky’s thrust-compounded
X2 Technology™ Demonstrator and its successor, the S-97
Raider, employ stiff coaxial rotors with lift offset (advancing
blade concept) to mitigate high advance ratio lift degradation
without relying on wing offloading, enabling high-speed flight
while preserving hover performance (Ref. 17). The X2 Tech-
nology™ Demonstrator achieved 250 kt flight at µ = 0.8 us-
ing a pusher propeller (Ref. 18).

These development programs employ diverse compound-
ing methodologies to achieve high-speed flight; however,
consensus on an optimal configuration has yet to emerge.
Each approach involves trade-offs in performance, structural
loads, vibration, vehicle complexity, and mission adaptabil-
ity. Hence, the extensive compound rotorcraft design space
requires a detailed parametric exploration of vehicle configu-
rations. Several studies have employed analytical tools such
as the University of Maryland Advanced Rotorcraft Code
(UMARC), the Comprehensive Analytical Model of Rotor-
craft Aerodynamics and Dynamics II (CAMRAD II), and the
Rotorcraft Comprehensive Analysis System (RCAS) to model
compound rotorcraft configurations (Refs. 19–23). Sugawara
et al. have used high-fidelity computational fluid dynamics
(CFD) tools to investigate the impact of lift-share ratio on a
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UH-60-based winged compound helicopter (Ref. 24). Frey et
al. have coupled CFD and comprehensive analysis to study
aerodynamic interactions among the main rotor, wing, and
propeller on the Airbus RACER in hover and cruise flight
(Refs. 25, 26). Despite the abundance of analytical studies,
experimental validation remains scarce. In his Nikolsky Lec-
ture, Ormiston highlighted the critical role of systematic wind
tunnel testing in advancing the development of high-speed
compound rotorcraft and in validating comprehensive analysis
models (Ref. 14). Boeing has conducted wind tunnel tests on a
30%-scaled AH-64E configured for lift and thrust compound-
ing at the Boeing V/STOL Wind Tunnel (BVWT) (Ref. 27).
Sikorsky performed a wind tunnel test of a 1/5-scale thrust-
compounded X2 Technology™ coaxial rotor and propeller
system at the National Full Scale Aerodynamics Complex
(NFAC) (Ref. 28). Test data from these wind tunnel entries
are not available in the public domain.

In an effort to address the lack of experimental data, the Uni-
versity of Maryland (UMD) Alfred Gessow Rotorcraft Cen-
ter has conducted systematic wind tunnel experiments in five
phases, investigating the aeromechanics of lift and thrust-
compounded rotorcraft to validate comprehensive analysis
tools. Phase 1 focused on the behavior of hingeless slowed
rotors at high advance ratios, establishing a baseline for com-
parison (Refs. 29, 30). Phases 2 and 3 introduced individual
compound elements: an asymmetric half wing for lift com-
pounding and a pusher propeller for thrust augmentation, re-
spectively. These tests revealed performance gains and re-
duced vibratory loading through rotor-wing lift sharing and
rearward shaft tilt (Refs. 4, 31). Phases 4 and 5 combined
both compounding elements, testing the half-wing and full-
wing lift and thrust-compounded configurations respectively
(Refs. 5, 32, 33). Achieving a greater wing lift fraction was
found to be essential for achieving efficient high-speed per-
formance and reducing vibratory loads.

This study investigates the performance, blade structural
loads, hub vibratory loads, and aerodynamic interactions of
the entire range of compound configurations tested throughout
this program. The resulting dataset provides a fundamental
understanding of lift and thrust-compound rotorcraft aerome-
chanics, as well as some critical test-verified insights and con-
figuration selection recommendations for vehicle designers.

Scope of Paper

The UMD compound helicopter test campaign has experi-
mentally investigated the following slowed rotor compound
rotorcraft configurations:

1. Isolated single main rotor (SMR).
2. Half wing lift compound. Wing area = Aw.
3. Full wing lift compound. Wing area = 2Aw.
4. Pusher propeller thrust compound.
5. Half wing and pusher propeller lift and thrust compound.

Wing area = Aw.
6. Full wing and pusher propeller lift and thrust compound.

Wing area = 2Aw.

(a) Thrust Compound

(b) Half-Wing Lift and Thrust Compound

(c) Full-Wing Lift and Thrust Compound

Figure 2. UMD compound rotorcraft configurations tested
in the Glenn L. Martin Wind Tunnel.

Figure 2 shows configurations 4-6. The main rotor and fuse-
lage are consistent between test configurations. The isolated
slowed rotor configuration serves as the baseline for compar-
ison.

This paper presents a comparative study of compound rotor-
craft configurations. The first two sections describe the com-
pound rotorcraft test model and the comprehensive analysis
methodology. The third section examines hover testing of the
lift-compounded configurations. The following three sections
outline the wind tunnel test and examine specific results: lift
compound results, lift and thrust compound results.
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COMPOUND ROTORCRAFT MODEL

This study utilizes the UMD compound rotorcraft model,
which comprises a lift-compounded helicopter test stand and
a separate propeller stand.

Compound Rotor Rig: The UMD compound rotorcraft rig
has a four-bladed, hingeless main rotor with rectangular com-
posite blades having the NACA 0012 airfoil. The rotor has
a 5.57 ft diameter with a 16.5% root cutout. The main rotor
is operated at 700 RPM, corresponding to a hover tip Mach
number of Mtip = 0.18; this is 30% of the Mach-scaled 2300
RPM. The rotor system is stiff at this operating speed, with
the first flap frequency at 1.51/rev. The main rotor fan plot
is shown in Figure 3. Full-bridge strain gages at 25%R on
each blade measure flap, lag, and torsion moments in the ro-
tating frame. A five-axis hub balance measures rotor loads in
the nonrotating frame. Rotor torque is measured with strain
gages mounted on the rotor shaft. A modified ROBIN fuse-
lage, mounted at 0° shaft tilt, houses the hydraulic rotor drive
system, 27V DC-motor actuators, swashplate, three-axis ac-
celerometers, and hub balance. Each blade pitch grip uses a
Hall Effect sensor to measure root blade pitch with a 0.3° ac-
curacy.

Lift compounding is achieved with modular fixed wings. The
wings can be attached to the retreating and advancing sides of
the fuselage independently. Each half-wing spans 70% of the
main rotor radius and features a linear taper ratio of 0.5, an
aspect ratio of 5, and zero built-in twist. The section profile
transitions from a NACA 0020 at the root to a NACA 0015 at
the tip. Wings are mounted 24%R below the hub and centered
longitudinally. Independent 5-component balances are inte-
grated into each wing. Incidence angles can be set between
0° and 12°. This study investigates a fixed 8° wing incidence
as high lift offloading has yielded improved performance and
minimized rotor loads in previous studies (Refs. 5, 33).

Propeller Test Stand: The propeller thrust stand is in-
cluded for thrust compounding. A trailing pusher propeller
is mounted 1.3R aft of the main rotor. The propeller hub is
centered with the fuselage tail boom. The propeller assem-
bly is mounted separately from the compound rotor rig on
the tunnel floor to eliminate vibratory load transmission. The
composite 4-bladed propeller has a diameter of 26 inches, ap-
proximately 40% of the main rotor diameter. The uniform
rectangular blades utilize a NACA 0012 airfoil and have a
−40◦ linear spanwise twist. The collective pitch was set to
40°. A brushless DC motor powers the propeller. Hub loads
are recorded in the nonrotating frame using an ATI-45 Mini
6-axis load cell.

This test model uniquely captures independent nonrotating
frame loads at four locations: (1) 6-axis rotor hub loads,
(2) 5-axis loads at the retreating side wing, (3) 5-axis loads
at the advancing side wing, and (4) 6-axis propeller hub
loads. This arrangement enables measurement of rotor-wing-
propeller aerodynamic interactions.

The compound model properties are listed in Table 1.
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Figure 3. Fan plot of the hingeless main rotor with com-
posite blades. At 700 RPM: 1st flap is 1.51/rev, 1st lag is
3.3/rev, and 1st torsion is 14.1/rev.

COMPREHENSIVE ANALYSIS

Analytical results were obtained using the University of
Maryland Advanced Rotorcraft Code (UMARC). This code
includes modules to include all components of a com-
pound rotorcraft, including the main rotor, wings, and pro-
peller (Ref. 34). Recent updates have been implemented
to support independent retreating and advancing wing inci-
dences. UMARC has been validated against wind tunnel
test data of independent lift-compound and thrust-compound
configurations (Refs. 4, 31) and of combined lift and thrust-
compounded configurations (Refs. 5, 33).

Main Rotor Analysis

The main rotor blades are structurally modelled as elastic
beams using the Hodges-Dowell theory, which includes up to
second-order nonlinearities (Ref. 35). Flap, lag, torsion, and
axial deformations are included. The blade dynamics were
resolved using finite element analysis with 20 radial elements
and 12 time steps per revolution. Third-order shape functions
were applied to the flap, lag, and axial motions, while torsion
was modeled using a quadratic shape function. Temporal ele-
ments used fifth-order polynomials.

The main rotor aerodynamic model uses unsteady lifting line
theory with NACA 0012 C81 airfoil tables generated by
the in-house CFD code TURNS (Transonic Unsteady Rotor
Navier-Stokes) (Ref. 36). The rotor near-wake is modelled us-
ing the Weissinger-L near-wake representation with the wake
trailing in-plane with the rotor for 30° in azimuth and skewed
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Table 1. UMD Compound Rotorcraft Properties
Characteristic English Metric

Main Rotor
Rotor Radius 2.79 ft 0.85 m
Chord 0.26 ft 0.08 m
Number of Blades 4
Solidity 0.12
Root Cutout Location 0.165 R
Airfoil NACA 0012
Planform Untwisted, Untapered
Lock Number 4.75
Operating RPM 700
Tip Mach Number 0.18
First Flap Frequency 1.51/rev
First Lag Frequency 3.3/rev
First Torsion Frequency 14.1/rev

Propeller
Radius 1.08 ft 0.33 m
Number of Blades 4
Airfoil NACA 0012
Solidity 0.144
Twist -40°
Pitch θ75 40°
Prop vertical position 0.24 R below hub
Prop lateral position 1.3 R aft of hub

Wing (one per side)
Wingspan 1.95 ft 0.59 m
Chord (root, tip) 0.52, 0.26 ft 0.16, 0.08 m
Aspect Ratio 5
Taper Ratio 0.5 (Linear)
Wing airfoils (root, tip) NACA 0020, NACA 0015
Wing position (below hub) 0.24 R
Wing longitudinal position Centered with the hub

with forward flight velocity (Ref. 37). The near wake is mod-
eled by collapsing the horseshoe vortex circulation strength
from 50 blade panels into five discrete vortex filaments. The
far wake is modelled using the time-accurate Maryland Free
Wake (MFW) model with 7.5° azimuthal spacing (Ref. 38). A
single vortex trailer is released from each blade tip with cir-
culation strength equal to the peak blade circulation outboard
of 0.3R. Each filament has an initial core radius of 10% of
the blade chord and uses a turbulent core growth model. The
free wake model captures distortions from interactions with
trailers from other lifting surfaces. The Leishman-Beddoes
unsteady model is included to capture dynamic stall effects
(Ref. 39).

Wing Analysis

The wing spar is constructed with steel and is assumed to
be structurally rigid. The wing aerodynamic model uses lift-
ing line theory. Each wing is divided into 50 spanwise seg-
ments, each represented by a bound horseshoe vortex with a
free wake. The wake geometry is distorted using the time-
accurate Maryland Free Wake model. The 2D airfoil tables for

the NACA 0020 (wing root) and NACA 0015 (wing tip) were
generated using TURNS CFD. Intermediate spanwise posi-
tions use linearly interpolated airfoil data from these tables.
Induced velocity is calculated using the Weissinger-L method-
ology from the rotor, wing, and propeller trailers (Ref. 40).

Propeller Analysis

The composite propeller blades and aluminum hub are as-
sumed to be structurally rigid. Propeller aerodynamics is in-
cluded using a lifting-line approach with 50 spanwise panels
per blade. The NACA 0012 airfoil tables were generated us-
ing the in-house 2D Hamiltonian Paths and Strands (HAM2D)
CFD at the lower Reynolds numbers experienced by the pro-
peller blades (Ref. 41). A single free tip trailer is released
from each propeller blade with the same properties as the main
rotor tip trailer. Trailer distortion and interactions with rotor
and wing trailers are captured using the MFW.

HOVER TESTING

Compound rotorcraft hover performance is impacted by wing
download from the rotor wake. Hence, hover testing was per-
formed to measure the rotor-wing interactional effects on an
elevated tower out of ground effect. Rotor loads were mea-
sured using the rotor hub balance and the wing download
(CW/σ ) from rotor wake impingement was measured using
the wing balances. Figure 4 shows the compound rotor rig
mounted on the hover tower.

Figure 4. Compound rotor rig with the full wing configu-
ration installed on the UMD hover tower.

The hover analysis was performed with UMARC, though the
effects of wake blockage from the wings were added sepa-
rately. The wake blockage effect cannot be modeled with the
wing’s lifting line-based wake model. Wing download due
to rotor wake impingement was estimated by applying the in-
duced velocities from the rotor’s free wake at the wing plane,
assuming a drag coefficient of CD = 1.28, which corresponds
to flow normal to a flat plate (Ref. 42). The induced velocities
are assumed to be normal to the wing plane.
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Figure 5. Wing immersion in rotor wake during hover.
Wake boundary determined by the Maryland Free Wake.

Figure 5 shows the free wake boundary in hover at two ro-
tor thrust levels. Most of the wing area remains immersed
in the rotor wake regardless of main rotor thrust. The wing’s
0.5 taper ratio concentrates larger chord sections inboard and
immersed in the downwash.

Figure 6 presents the measured wing download in hover re-
sulting from rotor wake impingement. The half-wing and
full-wing configurations experience download equivalent to
approximately 2.5% and 5% of the rotor thrust, respectively.
Predictions from UMARC show good agreement with the ex-
perimental measurements.

Relative hover performance between the isolated rotor and
lift-compounded configurations is evaluated using the net fig-
ure of merit, as defined in Equation 2.

FMnet =
(CT −CW )3/2

CQ
√

2
(2)

As shown in Figure 7, all configurations yield a similar FM at
low collective pitch angles, where wing download is negligi-
ble. At a collective of 13°, the net figure of merit decreases
by 4.5% from the isolated rotor configuration to the full-wing
configuration due to increased wing download. The isolated
rotor configuration yields a relatively poor figure of merit, at-
tributed to its untwisted, rectangular planform and use of a
symmetric airfoil.

WIND TUNNEL TESTING

Wind tunnel testing was performed at the closed-circuit Glenn
L. Martin Wind Tunnel (GLMWT) at UMD. Figure 8 shows
the test model mounted in the GLMWT in the full-wing and
pusher propeller lift and thrust-compound configuration. The
tunnel test section measures 7.75 ft in height and 11.04 ft
in width. The rotor hub is positioned 5.9 ft above the tun-
nel floor and centered spanwise within the test section. The
rotor-to-test-section area ratio is 0.29. Wall interference ef-
fects are estimated using the Prandtl–Glauert correction, ex-
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pressed as ∆αs = δwL/(qAT ) radians, with a correction co-
efficient δw = 0.12 specific to the GLMWT. Wall boundary
effects are minimal, as ∆αs ≤ 0.25◦ for all test points at and
above µ = 0.5.

Lift compound wind tunnel trim is achieved using loads mea-
sured by the rotor balance and wing balances. The net lift tar-
get is reached by tuning the rotor collective. The net rolling
and pitching moments about the rotor hub are trimmed to zero
using the rotor cyclic control angles. Wing forces and mo-
ments are transformed to the body frame centered at the ro-
tor hub. The trim error threshold was ±10 in-lb, correspond-
ing to CMx/σ , CMy/σ < ±0.001. Lift and thrust compound
wind tunnel trim involves the same trim methodology as the
lift compound configuration, except that it includes fuselage
drag and propeller thrust. Propulsive trim is reached by set-
ting the propeller thrust equal to the fuselage, rotor, wing, and
propeller drag. Blade tracking was verified using a strobe light
reflecting off colored tape applied to each blade tip. Pitch link
adjustments were made to maintain tracking within half of the
blade thickness.

The wind tunnel test campaign explored a wide range of com-
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Figure 8. Test setup for lift and thrust-compounding in the Glenn L. Martin Wind Tunnel. The UMD Compound
Rotorcraft Rig includes a full-span wing with separate balances for both the rotor and wing. The aft-mounted pusher
propeller is installed on a dedicated stand with its own balance.

pound helicopter configurations across varying advance ra-
tios, wing incidence angles, rotor shaft tilt angles, and lift
trim targets. This study focuses on a subset of cases using
8° wing incidence and 0° rotor shaft tilt, based on prior find-
ings that higher wing incidence improves aerodynamic per-
formance, minimizes blade structural loads, and reduces vi-
bratory loads (Refs. 5, 33). This restriction enables a consis-
tent comparison of the six representative compound configu-
rations. Table 2 summarizes the configurations included in the
study.

Table 2. Test Matrix
Run no. µ Net CL/σ αs θw Wing(s)
Lift Compound:

U1 0.3, 0.5 0.03–0.06 0° 8° None
U2 0.3, 0.5, 0.7 0.03–0.12 0° 8° Half
U3 0.3, 0.5, 0.7 0.03–0.14 0° 8° Full

Lift and Thrust Compound:
U4 0.3, 0.4, 0.5 0.03–0.06 0° 8° None
U5 0.3, 0.4, 0.5 0.03–0.12 0° 8° Half
U6 0.3, 0.4, 0.5 0.03–0.13 0° 8° Full

LIFT COMPOUNDING

The lift-compound configuration uses a fixed wing to offload
the main rotor at high advance ratios. A pusher propeller is
not present. The half-wing and full-wing lift compound con-
figurations are compared to the isolated rotor configuration,
which serves as the baseline. The aircraft performance, ro-
tor control angles, blade structural loads, and hub vibratory
loads for the various rotorcraft configurations are compared at
θw = 8◦ and αs = 0◦. Although the model was trimmed for

wind tunnel equilibrium rather than propulsive trim, the re-
sulting rotor blade drag and wing drag still represent a thrust
requirement in forward flight. Assuming an ideal propeller
with 100% efficiency, this drag is accounted for in CX/σ and
in the lift-to-drag ratio (L/D), allowing for consistent compar-
ison across configurations.

This section first compares lift-compounded rotorcraft perfor-
mance, rotor control angles, blade structural loads, and hub
vibratory loads at an advance ratio of µ = 0.5. A subsequent
comparison examines performance and rotor control charac-
teristics over a range of advance ratios.

Performance

Lift compounding has a strong influence on aircraft perfor-
mance. Figure 9a shows the expected increase in wing lift
share with increasing wing area. The half-wing and full-wing
lift compound configurations are able to attain higher lift tar-
gets prior to rotor blade stall due to the wing lift share. At
low lift targets, the full-wing configuration generates excess
lift, requiring negative rotor thrust and resulting in a wing lift
share exceeding 100%.

Wing lift share offloads the rotor, thereby reducing the re-
quired main rotor torque. Figure 9b illustrates a significant
decrease in rotor torque for the lift compound configurations.
The isolated rotor experiences a sharp increase in torque due
to stall onset near CL/σ = 0.05, while the lift-compound con-
figurations remain in the low rotor lift regime at the same con-
dition. Despite the large difference in wing lift share, the half-
wing and full-wing configurations exhibit similar rotor torque.
This is due to the lift offset present in the half-wing configu-
ration, where the asymmetric wing lift distribution shifts the
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rotor’s net lift vector outboard of 0.2R across all tested lift tar-
gets, as shown in Figure 9c. Lift offset magnitude increases
as CL/σ decreases since rotor loading is reduced while wing
lift and the resulting rolling moment remain unchanged.

Combined rotor-wing and rotor-only performance are charac-
terized by total lift-to-drag ratio (L/D) and rotor efficiency
(L/De), respectively. L/D is defined in Equation 3. The rotor
efficiency, L/De, is obtained by removing the wing contribu-
tions CLW and CDW from Equation 3.

L/D =
LR +LW

De +DW

=
CT cosαs +CH sinαs +CLW

CQ/µ +CT sinαs −CH cosαs +CDW

(3)

Figure 9d shows that the full-wing and isolated rotor config-
urations achieve comparable rotor efficiency (L/De) due to
similar trim states. In contrast, the lift offset inherent to the
half-wing configuration enhances aerodynamic efficiency by
shifting rotor lift toward the advancing side, where dynamic
pressure is higher. This results in a 37% increase in peak L/De
relative to the other configurations. The UMARC analysis in-
dicates that the L/De peak shifts toward higher rotor lift when
lift offset is present, as the asymmetric wing lift mitigates ro-
tor dissymmetry. This reduces rotor cyclic pitch demand and
delays the onset of blade stall to higher rotor lift values.

The half-wing configuration achieves the highest peak com-
bined rotor and wing L/D, with a 62% increase over the iso-
lated rotor configuration as shown in Figure 9e. Although the
half wing contributes less wing lift than the full wing, the
half-wing configuration still attains a 9% higher peak L/D
due to lower wing drag. The full-wing configuration’s ad-
ditional advancing-side wing area increases total drag with-
out the lift offset benefit, reducing its lift-to-drag ratio. Fig-
ure 9f shows combined rotor and wing drag (−CX/σ ) against
rotor and wing lift. As expected, the isolated rotor exhibits
the lowest total drag due to the absence of a wing. The half-
wing configuration experiences lower drag than the full-wing
configuration, consistent with its smaller planform area and
higher L/D.

UMARC analysis satisfactorily captures rotor and wing per-
formance trends and magnitudes. The analysis generally un-
derpredicts CX/σ and therefore slightly overpredicts L/D.

Rotor Control Angles

The collective (θ75) required to trim the rotor to desired lift
trim targets is shown in Figure 10. As expected, increasing
wing area decreases the required collective angle for a given
lift target. Hence, the collective trends resemble the corre-
sponding rotor torque trends shown in Figure 9b. Lift offset
enables the half-wing configuration to generate greater rotor
lift for a given collective pitch setting compared to the full-
wing configuration.

Cyclic blade pitch control angles used to maintain wind tun-
nel trim are shown in Figure 11. As wing lift share increases,
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Figure 12. Blade structural loads at 25%R. CL/σ = 0.048, µ = 0.5, αs = 0◦, θw = 8◦. Symbols: Test Data, Lines:
UMARC.

longitudinal cyclic input decreases due to the reduction in ro-
tor lift contribution. This is accompanied by a decrease in
collective pitch, which lessens the need to compensate for lift
dissymmetry across the rotor disk. Additionally, the introduc-
tion of lift offset further reduces longitudinal cyclic demand
by leveraging the rolling moment generated by the asymmet-
ric wing to counteract rotor airflow asymmetry. Lateral cyclic
remains largely unchanged with symmetric wing lift sharing.
The isolated rotor and full-wing lift-compounded configura-
tions share similar trim states. In contrast, the half-wing con-
figuration exhibits increased lateral cyclic demand relative to
the isolated rotor, attributed to increased 1/rev blade flapping
induced by lift offset. Additionally, abrupt changes in cyclic
pitch magnitudes are observed in the isolated rotor case near
CL/σ = 0.05, corresponding to the onset of blade stall.

UMARC accurately predicts collective and longitudinal
cyclic control angles and captures the overall trend in the lat-
eral cyclic control angle, although it underpredicts its magni-
tude. This discrepancy arises from unmodeled aerodynamic
moments on the rotor hub, which generate a significant posi-

tive pitching moment (MY ) in the test. To maintain trim, this
moment is countered by increased positive lateral cyclic, a re-
sponse not captured in UMARC due to the absence of hub
aerodynamic modeling.

Blade Structural Loads

Figures 12a and 12b present blade flap and lag bending mo-
ments over one rotor revolution at µ = 0.5 and CL/σ = 0.048,
with steady loads removed. Half peak-to-peak harmonic am-
plitudes, extracted by harmonic decomposition, are shown in
Figures 12c and 12d.

The isolated rotor and full-wing configurations are both
trimmed to zero hub moments, resulting in relatively sym-
metric flap bending moments on the advancing and retreat-
ing sides of the rotor disk. Peak flap bending moments oc-
cur near 90° and 270° azimuths, indicating a dominant 2/rev
harmonic in these symmetric cases. The 2/rev flap bending
moment decreases by 86% from the isolated rotor to the full-
wing configuration due to lift sharing between the rotor and
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Figure 13. 4P Hub vibratory loads. µ = 0.5, αs = 0◦, θw = 8◦. Symbols: Test Data, Lines: UMARC.

wing. The half-wing configuration exhibits a dominant 1/rev
flap bending moment driven by lift offset. The retreating side
flap bending moment is negative, unlike the other configura-
tions, since lift demand in this region is reduced. The retreat-
ing side flap bending moment becomes negative, reflecting
reduced lift demand in that region. Compared to the isolated
rotor, the half-wing configuration exhibits a 73% increase in
the 1/rev harmonic and a 71% reduction in the 2/rev com-
ponent. Rotor-wing lift sharing directly affects the steady
flap bending moment. The half-wing configuration reduces
the steady flap moment by 39% relative to the isolated rotor,
while the full-wing configuration achieves a larger reduction
of 78%. UMARC predictions effectively capture the trends in
harmonic modes. The azimuthal variation of the flap bending
moment is fairly well predicted.
The lag bending moment exhibits significant components at
both the 2/rev and 3/rev harmonics. Compared to the iso-
lated rotor, lift compounding reduces these 2/rev and 3/rev
lag bending moments by approximately 90% in both the half-
wing and full-wing configurations. UMARC predictions are
satisfactory for the configurations with low rotor loading. Dis-
crepancies arise at higher rotor loads, primarily due to uncer-
tainties in the measured blade chordwise stiffness (EIc).
The full-wing configuration offers the greatest reduction in
peak-to-peak blade structural loads, decreasing flap and lag
bending moments by 61% and 88%, respectively, compared
to the isolated rotor configuration.
The rotor blades were instrumented with strain gages to mea-
sure the torsional moment; however, the high-frequency tor-
sional response limited the resolution of the data. Therefore,
the torsion moment measurements are not shown.

Hub Vibratory Loads

Figure 13 shows 4P hub vibratory forces in the in-plane and
out-of-plane directions. The in-plane vibratory forces are de-

fined as the norm of the loads in the X (longitudinal) and Y
(lateral) directions, defined in Equation 4.

Fxy =
√

F2
X +F2

Y (4)

In-plane vibratory loads increase with rotor loading. A sig-
nificant increase is observed with the onset of blade stall. Vi-
bratory loading is similar for the half-wing and full-wing con-
ditions, owing to decreased rotor collective and cyclic blade
pitch control angles. UMARC accurately predicts the trends
in in-plane vibratory loads. The 4P out-of-plane vibratory
loads exhibit a modest increase with rotor loading, but their
magnitudes remain less than half of the corresponding in-
plane vibration levels. These vertical vibratory loads scale
primarily with rotor lift, showing limited sensitivity to lift off-
set effects. Hence, the full-wing configuration experiences the
lowest out-of-plane vibration as it features the greatest wing
lift share. UMARC does not predict the increase in vertical
vibratory loading with rotor loading.

Figure 14 shows 4P hub vibratory moments in the rolling and
pitching directions. The trends closely mirror those observed
in the in-plane vibratory forces: increasing wing lift share and
lift offset reduce vibratory moments. The half-wing config-
uration generates comparable X-axis (rolling) vibratory mo-
ments to the full-wing configuration, but is less effective in
reducing Y-axis (pitching) vibrations.

Overall, lift compounding effectively reduces vibratory loads
by both unloading the rotor and introducing a beneficial lift
offset.

Influence of Advance Ratio on Performance and Rotor
Control Angles

The effect of varying advance ratio on vehicle performance
and rotor control angles was examined for the half-wing and
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Figure 14. 4P Hub vibratory moments. µ = 0.5, αs = 0◦, θw = 8◦. Symbols: Test Data, Lines: UMARC.
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full-wing lift compound configurations. The cases shown
span µ = 0.3−0.7.

Figure 15 shows the rotor and wing combined lift-to-drag ra-
tio. L/D increases with advance ratio as wing lift increases.
An increase in advance ratio corresponds to an increase in for-
ward flight speed, as the rotor speed remains constant. The
rotor generates the majority of total lift at low advance ratios
since the wings are ineffective at slow speeds; hence, the half-
wing and full-wing L/D values are similar. The half-wing
configuration attains a maximum L/D of 8.6, 14% greater
than the full-wing configuration at µ = 0.7. To investigate
this trend, Figure 16 shows wing lift share, wing drag contri-
bution, and rotor performance metrics. As illustrated in Figure
16a, the full-wing configuration consistently offloads approx-
imately twice as much rotor lift to the wing as the half-wing
configuration across all advance ratios. However, Figure 16b
indicates that the advancing side wing introduces significantly
more wing drag, leading to a net increase in total drag and a
corresponding reduction in L/D compared to the half-wing

configuration. Prior to its L/D peak, the full-wing configu-
ration offloads more than 100% of the desired lift from the
rotor, resulting in negative rotor thrust while rotor torque re-
mains largely unchanged, as shown in Figure 16c. This condi-
tion reduces rotor efficiency, seen in Figure 16d. In contrast,
the half-wing configuration leverages increased lift offset to
maintain higher rotor efficiency at high advance ratios, shown
in Table 3.

Table 3. Lift Offset at Rotor CL/σ = 0.05
µ Lift Offset (%R) CL/σ Rotor and Wing

0.3 8.3 0.059
0.5 24.2 0.072
0.7 43.5 0.089

Figure 17 shows the variation of cyclic control angles with
advance ratio. As the advance ratio increases, the longitudinal
cyclic demand rises more steeply due to the expansion of the
retreating side reverse flow region, necessitating greater com-
pensation for lift dissymmetry. In the half-wing configuration,
lift offset increases with advance ratio, producing a counter-
acting rolling moment that mitigates rotor lift asymmetry and
reduces the required longitudinal cyclic input. Countering the
rotor’s forward flight dissymmetry with the wing’s rolling mo-
ment, rather than longitudinal cyclic, may delay thrust rever-
sal to higher advance ratios. The lateral cyclic control angle
remains relatively constant for the full-wing configuration at
all advance ratios since there is no rotor shaft tilt. In con-
trast, the half-wing configuration requires an increase in lat-
eral cyclic input at higher advance ratios, driven by greater
1/rev blade flapping associated with the greater lift offset mag-
nitude (Ref. 33).

Aerodynamic Interaction

The UMARC MFW model captures the trajectories and dis-
tortion of rotor and wing trailed vortices. Figure 18 illus-
trates the free-wake geometry for the half-wing and full-wing
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Figure 16. Performance metrics of lift-compounded configurations at varying advance ratios. αs = 0◦, θw = 8◦. Hollow
points: half wing, Filled points: full wing.

0.02 0.04 0.06 0.08 0.1 0.12

C
L
/ , Rotor and Wing

-12

-10

-8

-6

-4

-2

0

2

L
o

n
g

it
u

d
in

a
l 
C

y
c
li
c
, 

1
s
, 
(d

e
g

)

=0.3

=0.5

=0.7

Full Wing

Half Wing

(a) Longitudinal Cyclic (θ1s)

0.02 0.04 0.06 0.08 0.1 0.12

C
L
/ , Rotor and Wing

1.5

2

2.5

3

3.5

4

4.5

5

L
a
te

ra
l 
C

y
c
li
c
, 

1
c
, 
(d

e
g

)

Half Wing

Full Wing

(b) Lateral Cyclic (θ1c)
Figure 17. Cyclic control angles at varying µ . αs = 0◦, θw = 8◦. Hollow points: half wing, Filled points: full wing.

13



(a) Isometric View

(b) Aft View

Figure 18. Free wake geometry for the lift-compounded configurations at net CL/σ = 0.048 and µ = 0.5. αs = 0◦, θw = 8◦.
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lift-compounded configurations at a net CL/σ = 0.048. At
µ = 0.5, the rotor wake is convected downstream rapidly,
avoiding direct wing impingement. Although the full-wing
configuration generates lower rotor thrust than the half-wing
configuration, the increased wing downwash strength distorts
the rotor wake downwards more than the half-wing configu-
ration. This effect may be relevant for configurations employ-
ing large-diameter trailing pusher propellers, where increased
downwash could lead to partial ingestion of the rotor wake by
the propeller.

LIFT AND THRUST COMPOUNDING

The lift and thrust-compounded configuration builds upon
the lift-compounded setup by incorporating a trailing pusher
propeller to augment propulsive thrust. The main rotor and
wing exhibit performance trends similar to those of the lift-
compounded configuration. Accurately characterizing the
propeller and understanding its impact on overall vehicle per-
formance is essential for translating wind tunnel data to free-
flight applications of lift and thrust-compounded rotorcraft.

Propeller Characterization

The aerodynamic performance of the propeller is highly sensi-
tive to the inflow, which arises from the combination of tunnel
freestream velocity, flow blockage from the wings and fuse-
lage, and propeller rotational speed. Cruise inflow (λc) is de-
fined in Equation (5).

λc =
V

ΩpRp
(5)

Figure 19a shows the effect of wing configuration on propeller
thrust. Thrust decreases with increasing λc. The half-wing lift
and thrust-compound configuration marginally decreases pro-
peller thrust at a set cruise inflow compared to the symmet-
ric configurations. Figure 19b shows that propeller torque in-
creases steadily with thrust, as expected. The wing wake has
a minimal effect on propeller torque. Propulsive efficiency,
shown in Figure 19c, is defined in Equation (6).

ηp =
Pideal

Pactual
=

CT λc

CP
(6)

Propulsive efficiency is determined using an idealized cruise
inflow, assuming uniform and undisturbed free-stream con-
ditions. However, flow blockage from the fuselage reduces
the effective velocity reaching the propeller, leading to an
overrepresentation of the actual propulsive efficiency. The
marginal reduction in propeller thrust at all cruise inflows for
the half-wing configuration compared to the symmetric con-
figurations manifests as a reduction in propulsive efficiency,
especially at higher λc. In contrast, although the full-span
wings in the full-wing configuration are located upstream of
the propeller and produce a downstream wake, they do not sig-
nificantly impact propulsive efficiency relative to the thrust-
compound configuration without wings.
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Total Vehicle Performance

The lift and thrust-compounded test model achieved propul-
sive trim up to µ = 0.5. Propulsive trim is reached when
the propeller produces thrust that balances the total aerody-
namic drag from the fuselage, rotor, wings, and the propeller
itself. Full-vehicle lift to drag ratio, defined in Equation 7, can
be obtained to approximate the performance of an equivalent
free-flying aircraft.

L/D =
TV∞

P
=

CLµ

CQ,rotor +CQ,prop
(7)

Fuselage drag was not actively measured during rotor oper-
ation. Instead, it was measured independently prior to the
test campaign. Details on the fuselage drag measurement and
methodology are documented in Reference 5.

Figure 20 shows the full-vehicle lift-to-drag ratio for the
thrust-compound configuration, the half-wing lift and thrust-
compound configuration, and the full-wing lift and thrust-
compound configuration. The results are shown up to an ad-
vance ratio of µ = 0.5, beyond which the propeller reached
the maximum rated power limit. The total vehicle lift-to-drag
ratio increases with net lift across all configurations. Peak
L/D decreases with advance ratio for the thrust-compounded
configuration, consistent with the expected decline in perfor-
mance for an isolated rotor at high advance ratios. The half-
wing and full-wing lift and thrust-compounded configurations
both achieve greater wing lift sharing as advance ratio in-
creases, leading to improved lift-to-drag ratio with forward
speed. At µ = 0.5, the two configurations yield nearly iden-
tical L/D values for this specific rotorcraft model. The max-
imum measured lift-to-drag ratio reaches 4.5 at µ = 0.5, rep-
resenting an 18% improvement over the L/D at µ = 0.3.

Figure 21 presents the ratio of propeller power to rotor power
(Pprop/Protor) across various advance ratios. As the lift target
increases, rotor thrust and torque increase, resulting in a cor-
responding decrease in the power ratio. At µ = 0.3, the pro-
peller consumes less power than the main rotor across all con-
figurations. However, at µ = 0.5, all configurations require
greater propeller power due to elevated fuselage and wing
drag. Among them, the full-wing lift and thrust-compounded
configuration produces the highest drag and demands 2.8
times more propeller power than rotor power to maintain
propulsive trim at µ = 0.5.

CONCLUSIONS

A wind tunnel investigation was conducted in the Glenn L.
Martin Wind Tunnel to investigate the performance charac-
teristics of a compound helicopter equipped with various lift
and thrust compounding elements operating at high advance
ratios. Experimental measurements of performance, blade
loads, and hub vibratory loads were acquired up to µ = 0.7
to validate the UMARC comprehensive analysis model. The
results focused on evaluating the relative effectiveness of half-
wing and full-wing lift compounding strategies, both with and
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without pusher propeller thrust augmentation. The primary
objective of this investigation was to gain insight into the at-
tributes of efficient high-speed compound helicopters with the
aim of informing future design decisions. The following con-
clusions are drawn from this research:

1. Half-wing lift compounding attains the best high speed
performance with a maximum L/D = 8.6 at µ = 0.7 us-
ing lift offset. The full-wing lift compound configuration
suffers from reduced rotor efficiency and increased wing
drag, achieving a peak L/D of only 7.4 under the same
flight condition.

2. Wings are detrimental in hover due to downwash from
rotor wake impingement. The full-wing configuration
exhibits a 4.5% reduced figure of merit at high collec-
tive angles.

3. Significant wing-rotor wake interaction is present at µ =
0.5 as strong wing downwash deflects the rotor wake
downwards. This interaction may result in undesirable
partial rotor wake ingestion for compound configurations
employing large-diameter trailing pusher propellers.

4. Full-wing lift compounding most effectively reduces
peak-to-peak blade structural loads of all the tested con-
figurations. At µ = 0.5 and net CL/σ = 0.048, flap and
lag bending moments decrease by 61% and 88%, respec-
tively, compared to the isolated rotor.

5. The steady flap bending moment is greatly reduced with
increased wing lift sharing. The steady flap moment de-
creases by 39% and 78% for the half-wing and full-wing
configurations, respectively, compared to the isolated ro-
tor at µ = 0.5.

6. Lift compounding significantly reduces hub vibratory
loads compared to the isolated rotor. The half-wing
and full-wing configurations exhibit similar reduction in
vibratory loads despite differing aerodynamic contribu-
tions: the half-wing introduces lift offset while the full-
wing shares a greater portion of the total lift.

7. UMARC comprehensive analysis satisfactorily captures
compound rotorcraft performance in hover and forward
flight. Blade structural loads predictions generally fol-
lowed correct trends, but can be improved with more ac-
curate measurements of blade structural properties.

8. Achieving propulsive trim at high advance ratios neces-
sitates substantial propeller power compared to main ro-
tor power. At µ = 0.5, the full-wing lift and thrust-
compounded configuration demanded 2.8 times more
propeller power than rotor power to maintain trim.

Author contact:
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FUTURE WORK

This study concludes the fundamental aeromechanics investi-
gation of lift and thrust compound helicopter configurations.
Future work will involve measuring the aerodynamic interac-
tions between the rotor, wing, and propeller using Particle Im-
age Velocimetry (PIV) and smoke flow visualization to cap-
ture the intricate coupling necessary for accurate analytical
modeling. The fuselage flow blockage into the propeller will
also be quantified.
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