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Abstract

This paper describes a first-principle based finite state dynamic rotor wake model that addresses the complex
aerodynamic interference inherent to coaxial rotor configurations in support of advanced vertical lift aircraft simulation,
design, and analysis. The high fidelity rotor dynamic wake solution combines an enhanced real-time finite state dynamic
wake model (DYW) with a first-principle based viscous Vortex Particle Method (VPM). The finite state dynamic
wake model provides a state-space real-time modeling capability for advanced rotorcraft configurations and VPM
provides a first-principle based solution for the complex rotor wake problem without using ad-hoc parameters. To
account for the mutual aerodynamic interference between multiple rotors, the finite state dynamic wake model was
enhanced with several essential modeling parameters to empirically account for important physical phenomena. These
modeling parameters were determined based on high fidelity VPM simulations. The developed methodology provides a
first-principle based real-time finite state dynamic wake model suitable for coaxial rotor configurations. To validate the
developed model, simulation results for the rotor performance, the rotor wake dynamics, and the flow field of different
coaxial rotor configurations in both hover and forward flight conditions were compared with available measured data.
The simulation results demonstrate good correlation with the measurements for all the cases evaluated.

Nomenclature

CP Rotor power coefficient
CQ Rotor torque coefficient
CT Rotor thrust coefficient
Cl Blade section lift coefficient
D Rotor diameter
Nb Number of blades
r Blade radial station
r̄ Normalized blade radial station
R Rotor radius
~uvpm VPM self-induced velocity field
~ug Ground velocity
~u∞ Free stream velocity
~utot Total particle velocity
~x Vortex particle position vector
~α Vortex particle total vorticity vector
~γSsor

Rotor vorticity source strength
χ Wake skew angle
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λg Penalization factor in the viscous ground model
µ Advance ratio
ν Kinematic viscosity coefficient
~ω Vortex particle vorticity strength
ψ Rotor azimuth
σ Rotor solidity
~∇u Velocity gradient field
θc Rotor collective angle
d()/dt Material time derivative
ACP Aerodynamic computation point
AOA Angle of attack
DYW Dynamic wake model
TPP Tip path plane
VPM Viscous vortex particle method

Introduction

Recently, there has been increased interest in the
coaxial rotor configuration. Compared with the
conventional main/tail rotor configuration, the coaxial
configuration eliminates the tail, which results in



a more compact configuration and potentially more
available power for payload. In addition, the
coaxial configuration creates a symmetric aerodynamic
environment for flight in any direction, which may
result in higher efficiency and better controllability.
However, due to the close proximity of the upper and
lower rotors, the mutual aerodynamic interference in
a coaxial configuration is more complex compared
with the conventional single main rotor/tail rotor
configuration, especially in hover and low speed
forward flight conditions. The lower rotor operates in
the wake of the upper rotor which has a significant
impact on its performance characteristics in hover
and low speed flight. Similarly, the upper rotor is
operating in the upstream of the lower rotor wake. In
addition, coaxial rotor systems typically experience a
significant 2Nb/rev (where Nb is the number of blades
per rotor) vibration caused by the mutual aerodynamic
interference between the upper and lower rotors.
The design of the rotor separation distance requires
a fundamental understanding of the tip clearances
between the upper and lower rotors, which needs to
consider the most critical loading conditions.

However, there is a limited amount of work
published on the study of coaxial rotor configurations
(Refs. [1, 2, 3, 4, 5, 6]). Most of these studies
used either a simple blade element momentum theory
and potential flow based singularity methods or
computationally expensive CFD solutions. On the
one hand, the potential flow based method typically
relies on empirical/engineering parameters which need
to be determined based on existing available data. On
the other hand, most of the CFD based solutions are
currently still not efficient enough for design iterations.
In addition, an accurate capturing of the rotor vorticity
is still challenging due to the inherent numerical
dissipation in most of the grid-based CFD solutions.
Therefore, a first-principle based efficient and accurate
rotor wake solution for coaxial rotor configurations
is extremely beneficial for the design and analysis of
future vertical lift aircraft.

The recent development of a hybrid solver, which
couples a viscous vortex particle method (Refs. [7, 8])
with modern CFD solvers (Refs. [9, 10, 11, 12]), has
demonstrated the ability to capture the fundamental
physics of the detailed rotor wake and to significantly
improve the prediction of both the rotor wake and
the rotor airloads without relying on ad-hoc modeling
parameters. Even though the coupled VPM/CFD
solution is efficient for routine engineering analysis,
it is still not computationally efficient enough to be
directly applied in real-time simulation of complex
rotor wake problems.

The finite state dynamic wake model (Ref. [13])

has been widely used in real-time flight dynamics
simulation due to its closed form solution in the
state-space. The closed form solution for the unsteady
rotor inflow was based on a prescribed cylindrical rotor
wake geometry to derive the induced flow influence
coefficient matrices associated with the induced inflow
state equations. In a previous effort, the finite state
dynamic wake model was enhanced with both the VPM
and the coupled VPM/CFD simulations to account
for the rotor wake self-induced distortion effect to
support a real-time rotorcraft simulation (Ref. [10, 14]).
The focus of the current paper is to further enhance
the finite state dynamic wake model to simulate the
mutual aerodynamic interference for coaxial rotor
configurations. The key modeling parameters that
appear in the enhanced finite state dynamic wake model
were determined from the first-principle based high
fidelity VPM simulations.

Modeling Methodology

Mutual Aerodynamic Interference
For a coaxial rotor configuration, there is a strong
mutual aerodynamic interference between the upper
and lower rotors. For example, the upper rotor
wake induces velocity on the lower rotor blade ACPs
(aerodynamic computation points) and the lower rotor
wake induces velocity on the upper rotor blade ACPs.
The rotor wake induced velocities on the blade ACPs
depend on the rotor wake geometry. Additionally, the
wake geometry of the upper rotor will be affected due
to the interference of the lower rotor wake and vice
versa. For example, it was observed that the upper
rotor wake convects toward the downstream faster due
to the lower wake induced interference on the upper
rotor wake when compared with an equivalent single
rotor. The mutual aerodynamic interference in a coaxial
rotor system can be summarized as follows:

• The upper rotor wake induces velocity on the
lower rotor blade ACPs.

• The upper rotor wake induces velocity on the
lower rotor wake, which changes the lower rotor
wake geometry.

• The lower rotor wake induces velocity on the
upper rotor blade ACPs.

• The lower rotor wake induces velocity on the
upper rotor wake, which changes the upper rotor
wake geometry.



These mutual aerodynamic interference phenomena
between the upper and lower rotors are fully coupled
with each other. Therefore, both the upper (lower) rotor
wake induced velocity on the lower (upper) rotor blade
ACPs and on the lower (upper) rotor wake geometry
need to be accounted for to properly simulate the
mutual aerodynamic interference in a coaxial rotor
system. For example, the upper rotor wake induced
velocity on the lower rotor blade ACPs depends on the
upper rotor wake geometry, which is affected by the
lower rotor wake induced velocity on the upper rotor
wake. Similarly, the lower rotor wake induced velocity
on the upper rotor blade ACPs depends on the lower
rotor wake geometry, which is also affected by the
upper rotor wake induced velocity on the lower rotor
wake.

Therefore, the effect on the rotor wake geometry
due to the existence of the other rotor needs to be
considered properly to successfully capture the mutual
rotor aerodynamic interference. In the VPM simulation
(as described in the next section), all of these mutual
interferences are automatically captured since VPM
solves the vorticity equation in a global reference
frame and each rotor (and/or aerodynamic surface) is
treated as a vorticity source to VPM (Ref. [7]). Once
the vorticity sources are created from the individual
rotor blades, they are released into the flow field
and are solved by VPM. In the finite state dynamic
wake model (as described in the following sections),
the upper (lower) rotor wake induced velocity on
the lower (upper) rotor blade ACPs is accounted for
using the finite state dynamic wake interference model.
The impact of the upper (lower) rotor wake on the
lower (upper) rotor wake geometry is approximated
by introducing corrections on both the mean mass
flow parameters and the wake skew parameters due
to the interference. The extraction and determination
of these modeling parameters are based on the VPM
simulations.

Viscous Vortex Particle Method
VPM solves for the vorticity field directly from
the vorticity-velocity form of the incompressible
Navier-Stokes equations using a Lagrangian
formulation. VPM solves the governing equations in
a convection-diffusion process. The vorticity-velocity
form with a Lagrangian description is a natural way of
solving vorticity dominated flows due to the fact that
it only needs to be applied to regions with vorticity
and does not require any grid generation effort.
VPM captures the fundamental vorticity dominated
flow physics for both the vorticity stretching and
the vorticity diffusion due to physical viscosity. In
addition, VPM is fully parallelized using both OpenMP
on multi-core CPUs and CUDA on compatible GPUs,

which renders an extremely efficient high fidelity
solution for vorticity dominated flow that is suitable for
routine engineering analysis. The governing equations
for the VPM solver can be formulated as follows:

d~x

dt
= ~utot = ~u∞ + ~uvpm (1)

d~ω

dt
= ~ω · ∇~utot + ν∆~ω + ~γSrtr

+ λg∇× [Hg · (~ug − ~utot)] (2)

In Eq. 1, ~u∞ is the free stream velocity; ~x and ~uvpm

are the vortex particle position and the self-induced
velocity, respectively; and ~ω is the vorticity strength
carried by the vortex particle. ~γSrtr

is the vorticity
source from the rotor, which can be generated using
either the lifting line vorticity source generator from
the integrated blade airloads or the distributed vorticity
source generator from the distributed blade airloads
(such as CFD solutions). The last term in Eq. 1
handles the viscous ground effect when the helicopter
is operating near the ground and/or ship deck surface
(Ref. [15]). The details of the VPM theory are
documented in Ref. [7] and are not repeated here.

Enhanced Finite State Dynamic Wake
Model
In the finite state rotor induced flow formulation,
the induced inflow (downwash normal to the rotor
tip-path-plane) is expressed as an expansion in terms of
both the blade radial and the rotor azimuthal variations
(Ref. [13]) as follows:

λi(r̄, ψ, t) = ~udyw · ~nTPP = (3)
∞X

m=0

∞X
n=m+1

φm
n (r̄)[αm

n (t)cos(mψ) + βm
n (t)sin(mψ)]

where ~udyw is the rotor wake self-induced velocity;
~nTPP is the normal vector of the rotor tip-path-plane
(TPP); and the radial expansion functions, φm

n (r̄), are
the polynomial functions in the non-dimensional blade
radial position, r̄. The αm

n and βm
n terms are the

induced flow expansion coefficients (induced inflow
states). With this expansion, the governing equations
of the enhanced finite state rotor induced flow variation
can be written in the following dimensional form:

Ω[V (µ, λi, λc,Ki · λintf )][L(χ) + ∆L(χ)]−1

(
αm

n

βm
n

)
=

1

2

(
τmc

n

τms
n

)
− [M ]

d

dt

(
αm

n

βm
n

)
(4)

In Eq. 4, [M ] is the apparent mass matrix; τmc
n

and τms
n are the forcing terms which can be related

to the blade circulatory airloads; [L(χ)] is the original
inflow coefficient matrix which depends on the wake



skew angle (Ref. [13]); [∆L(χ)] is the augmentations
to the inflow coefficient matrix extracted from VPM
simulations (Ref. [14]) to account for the self-induced
wake distortion effect; and [V ] is the mass flow
matrix which depends on the advance ratio (µ), the
climb rate (λc), the self-induced velocity (λi), and
the mean interference induced by the other rotor
(λintf ). The impact of the other rotor on the mean
mass flow is introduced by the parameter Ki(s/D, χ),
which depends on both the wake skew angle and
the vertical separation distance between the upper
and lower rotors. For a fixed configuration, the
parameter Ki(s/D, χ) depends only on the wake
skew angle. In this paper, the parameter Ki(s/D, χ)
was extracted from the first-principle based VPM
simulations for different coaxial rotor configurations.
The effect of the mutual interference on the rotor wake
geometry is approximated by the modeling parameter
Ki(s/D, χ), which essentially means that a fraction
of the upper (lower) rotor mean self-induced velocity
is used to represent the average downwash acting on
the lower (upper) rotor wake geometry. As shown, the
state-space finite state dynamic wake equation (Eq. 4)
provides a mathematically complete rotor induced
flow formulation that facilitates a model truncation
at a desired order to fit diverse applications. In
addition, the finite state dynamic wake model is cast
in a state-space form in terms of ODEs (ordinary
differential equations), which can be easily applied
in a real-time rotorcraft flight dynamics simulation.
The augmentations to both the mass flow parameter
and the inflow coefficient matrix, which can capture
the first order effect of the mutual rotor aerodynamic
interference on rotor inflow in a real time simulation,
make the enhanced finite state dynamic wake model
suitable for coaxial rotor applications.

Enhanced Finite State Dynamic Wake
Interference Model
The general expression for the off-rotor induced
velocity in the finite state dynamic interference model
can be formulated as an integral of the pressure
potential along the streamline (Ref. [16]).

λintf (rintf , ψintf , zintf ) = ~uintf · ~nTPP =
∞∑
m

∞∑
n

qmc
zn τ

mc
n + qms

zn · τms
n (5)

where the subscript intf denotes the variable
associated with the interference target point and qmc

zn

and qms
zn are the interference influence coefficients

which depend on an integral along the streamline
(Refs. [16]). In Ref. [17], the finite state dynamic
wake interference model was enhanced by introducing

a few important modeling parameters for interference
modeling:

• effective wake skew

• wake rollup effect

• effective wake contraction and expansion

• wake decay, dissipation, and diffusion

It has been shown that properly setting these modeling
parameters results in an improved correlation with
available measurements. These modeling parameters
can usually be determined based on extensive
experimental measurements (when available). In the
current study, the effective wake skew parameter for
the coaxial rotor application is determined from the
first-principle based high fidelity VPM simulations.
The extraction of the other modeling parameters from
the VPM simulations will be considered in future
studies.

Simulation Results

Both the enhanced finite state dynamic wake
model and VPM were applied to simulate the
aerodynamic characteristics of single and coaxial
rotor configurations. The key modeling parameters
in the enhanced finite state dynamic wake model
were extracted from the VPM simulations. A total
of 28 induced inflow states were used in all of the
DYW simulations. All the simulations were carried
out in the FLIGHTLAB simulation environment.
For the VPM simulation, the VPM solver was
run outside of FLIGHTLAB as a separate process
(FLIGHTLAB and VPM were tightly coupled using
a SEMAPHORE-based inter-process communication
mechanism). For each benchmark case considered in
this paper, except for the difference in inflow modeling,
the VPM simulation and the DYW simulation use the
same model setup (blade structure dynamics, blade
airloads, blade section airfoils, blade discretizations,
etc.).

Single Rotor Cases
In Ref. [14], the enhanced finite state dynamic wake
model was validated with measurements for the rotor
downwash and rotor flapping dynamics for isolated
single rotors at different forward flight conditions.
In this paper, the enhanced finite state dynamic
wake model was further validated by comparing the
performance prediction for different isolated single
rotors in a hover condition.
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Figure 1: Comparison of the predicted blade sectional
lift distribution using both VPM and the finite state
dynamic wake model for the Caradonna & Tung rotor
(Ref. [18]) in a hover condition

The rotor airloads prediction for an isolated rotor
in a hover condition was studied first. The rotor
configuration corresponded to the model rotor used in
the experiment by Caradonna & Tung (Ref. [18]). The
experiment was carried out in the Army Aeromechanics
Laboratory’s hover test facility. This benchmark
case is widely used to validate numerical prediction
codes. The rotor consists of two cantilever-mounted
untwisted/untapered blades with NACA-0012 airfoil
sections. Each rotor blade has an aspect ratio of 6
and a radius of 3.75 ft. The rotor blade sectional
lift coefficients (Cl) at three different rotor collective
settings (θc) were recorded during the experiment.
Figure 1 presents the blade sectional lift coefficients
at collective settings of 5◦ and 8◦. For comparison
purposes, the corresponding results obtained from the
VPM simulation and the baseline DYW simulation are
also superimposed on the plots. It should be noted that
the only difference between the VPM simulation and
the DYW simulation is the inflow model. As shown
in Figure 1, both the enhanced DYW and the VPM
simulations captured the blade sectional lift distribution
well when compared with the measurements. The
slightly better correlation of the VPM results with
the measurements can be explained by the fact that
it is a first-principle based solver which automatically
captured the rotor wake self-induced distortions and
the wake decay. In addition, the baseline DYW model
missed the correct sectional load distribution.

The hover performance prediction for an isolated
rotor with different numbers of blades was considered
next. The rotor configuration corresponded to the
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Figure 2: Comparison of the hover performance
predicted using both VPM and the enhanced finite state
dynamic wake model for the Knight & Hefner rotor
(Ref. [19])



one used in the wind tunnel experiment by Knight
and Hefner (Ref. [19]). The rotor performance data
(thrust and torque) at different collective settings and
with different numbers of identical untwisted/untapered
blades were recorded during the experiment. All
the blades use a NACA-0015 symmetric airfoil.
The airfoil aerodynamic characteristics (lift and drag
at different angles of attack) at the tip Reynolds
number used in the simulation were computed
using the FUN3D (Ref. [20]) CFD solver. This
benchmark case was chosen due to its simple
rotor configuration. Figure 2 presents the hover
performance predicted using both VPM and the
enhanced finite state dynamic wake model for the
Knight & Hefner rotor, including comparisons with
the corresponding measurements. The plot shows
the results corresponding to configurations with two,
three, and four blades. The results for the five-bladed
rotor show a similar level of correlation with the
measurements and was omitted from the plot. As
shown, the enhanced finite state dynamic wake model
prediction correlated well with both the measurements
and the VPM results for the thrust, torque, and figure of
merit.

Coaxial Rotor Cases
The hover performance of the Harrington coaxial rotor
configurations (Ref. [21]) was studied first. Two rotor
configurations (Rotor I and Rotor II) were tested in
the wind tunnel to collect the hover performance data.
Both coaxial rotor systems consist of two identical
rotors, each with a diameter of 25 ft and two untwisted
rectangular blades. The separation distances between
the upper and lower rotors are 9.5%D and 8.0%D for
the Rotor I and Rotor II configurations, respectively.
For the Rotor I configuration, the values of the rotor
solidity are 0.054 and 0.027 for the coaxial rotor and the
single rotor. For the Rotor II configuration, the values
of the rotor solidity are 0.152 and 0.076 for the coaxial
rotor and the single rotor. Rotor I has a linearly tapered
chord distribution and Rotor II has a constant chord.
In addition, Rotor I has a nonlinearly tapered blade
thickness while Rotor II has a linearly tapered blade
thickness. Detailed rotor configuration information can
be found in Ref. [21].

It was mentioned in Ref. [21] that the rotor
blades had NACA 4-digit symmetric airfoil sections.
However, there are no clear specifications of the airfoil
characteristics. In this study, a series of NACA
4-digit symmetric airfoils with different thickness ratios
were placed along the rotor blades. For the Rotor I
configuration, four different airfoils (NACA-0028,
NACA-0024, NACA-0020, and NACA-0016) were
placed at the 20%, 40%, 80%, and 100% blade radial
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Figure 3: Comparison of the hover performance
prediction using both VPM and the enhanced finite state
dynamic wake model for the Harrington coaxial rotor I
configuration

stations. For the Rotor II configuration, three different
airfoils (NACA-0028, NACA-0020, and NACA-0016)
were placed at the 20%, 67%, and 100% blade radial
stations. The airfoil aerodynamic characteristics at
other blade radial stations were interpolated from the
given airfoils. The airfoil aerodynamic characteristics
(lift and drag at different angles of attack) were
obtained using the FUN3D CFD solver (Ref. [20]).

The VPM simulations automatically captured the
mutual aerodynamic interference between the upper
rotor and the lower rotor. In the enhanced finite state
dynamic wake solution, the upper (lower) rotor wake
induced velocities on the lower (upper) rotor blade
ACPs are calculated using Eq. 5. The impact on the
upper (lower) rotor wake geometry due to the lower
(upper) rotor wake is introduced by correcting the
mean mass flow parameter (Eq. 4). The key modeling
parameters were determined by matching the finite
state wake predicted rotor performance with the VPM
simulation results. During the parameter identification
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Figure 4: Comparison of the hover performance
prediction using both VPM and the enhanced finite state
dynamic wake model for the Harrington coaxial rotor II
configuration

process, the same rotor model is used in both the VPM
simulation scenario and the finite state wake simulation.

Figures 3 and 4 present the predicted hover
performance for the Harrington Rotor I and Rotor II
configurations, using both VPM and the enhanced
finite state dynamic wake model. For comparison
purposes, the corresponding measured data were also
superimposed on the plots. As shown, both the
enhanced finite state dynamic wake model and VPM
predictions for the Rotor II configuration correlated
well with the measurements. There are some
discrepancies in the predictions for the Rotor I
configuration, which are most probably caused by an
inaccurate modeling of the nonlinear taper in the blade
thickness. This may indicate that additional airfoil
aerodynamic tables should be used along the blade
span (instead of linearly interpolating based on a few
given airfoil tables) to better capture the effect due to
the taper in both the blade chord and thickness. The
important findings from Figures 3 and 4 are that the

enhanced finite state dynamic wake model correctly
captured the mutual aerodynamic interference that
appears in coaxial rotor systems when the key modeling
parameters are enhanced using the high fidelity VPM
simulations.

To further illustrate the importance of proper
modeling of the mutual aerodynamic interference
on the coaxial rotor hover performance prediction,
different simulation scenarios were carried out. In one
scenario, no mutual aerodynamic interference between
the upper and lower rotors was modeled. In the other
scenario, only the upper (lower) rotor wake induced
velocities on the lower (upper) rotor blade ACPs were
simulated and the mutual aerodynamic interference
on the upper (lower) rotor wake geometry was not
modeled. The simulation results are compared with
the enhanced finite state dynamic wake simulations
in Figure 5. As shown, when there is no mutual
aerodynamic interference between the upper and lower
rotors, the hover performance is over-predicted. On the
other hand, the hover performance is under-predicted
when only the upper (lower) rotor wake induced
velocities on the lower (upper) rotor blade ACPs are
considered (without modeling the mutual interference
on the wake geometry).

The AFDD coaxial rotor configuration tested in the
NASA Ames wind tunnel (Ref. [2]) was studied next.
The coaxial rotor system consists of two identical
three-bladed rotors. The rectangular rotor blades were
fashioned after a full-scale version of the XV-15 rotor
and have a nonlinear twist of 37◦. The values of
the rotor solidity are 0.154 and 0.077 for the coaxial
rotor and the single rotor configurations, respectively.
Detailed model configuration can be found in Ref. [2].
The separation distance between the upper rotor and
the lower rotor can be adjusted during the experiment.
Since the detailed airfoil characteristics for the scaled
model rotor were not available, the full scale XV-15
airfoil tables with the Reynolds number corrections
(to account for the geometric scaling effect between
the XV-15 and the model rotors) were used in both
the VPM and the enhanced finite state dynamic wake
simulations.

The flowfield both above and below the rotor disks
was studied in detail using VPM. For example, Figure 6
compares representative results for the time-averaged
normalized downwash distribution at three vertical
stations (z/R = 0, z/R = 0.236, and z/R =
−0.207). z/R = 0 is located at the lower rotor TPP;
z/R = 0.236 is located above the upper rotor TPP,
and z/R = −0.207 is located below the lower rotor
disk. As shown, the simulation results have a good
correlation with the measurements at all the vertical
stations considered, except that the inboard inflow is



0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 CQ

0

0.002

0.004

0.006

0.008

0.01

0.012
 C

T

 Measurement 
 Mutual intf. on ACPs & wake geometry
 Mutual intf. on ACPs only
 No mutual intf.

Figure 5: Effect of mutual interference between the
upper rotor and the lower rotor on the predicted
hover performance for the Harrington coaxial rotor II
configuration

slightly over-predicted for the vertical stations between
the upper and lower rotor disks.

Figure 7 presents the simulated unsteady thrust
coefficient for both the upper and lower rotors at a
separation distance of 10% rotor diameter. As shown,
both the upper and lower rotor thrust coefficients
exhibit a 6/rev characteristic, which is due to the
mutual interference of the upper rotor and the lower
rotor (each has three blades). Similarly, Figure 8 shows
the predicted time-averaged thrust coefficients for both
the upper and lower rotors at different separation
distances. As shown, both VPM and the enhanced finite
state dynamic wake model predicted the variation trend
well when compared with the measurement.

Benchmark studies were also carried out to model
the coaxial rotor system in forward flight conditions.
For example, Figure 9 compares the VPM predicted
tip vortex trajectory (across the longitudinal symmetric
plane) with the corresponding flight test data for the
KAMOV Ka-32 helicopter (Ref. [22]) at a mean thrust
coefficient of 0.008 and three different advance ratios
(µ = 0.006, µ = 0.09, and µ = 0.17). The results were
obtained after trimming the coaxial rotor system to the
same total thrust and total zero torque as documented
in the flight test (Ref. [22]). It can be seen from the tip
vortex trajectories that the VPM prediction correlated
well with the measurements for both the upper and
lower wake boundaries. As shown, the rotor wake
boundaries from both the upper and lower rotors do
not exhibit a cylindrical geometry when the tip vortex
travels downstream. In addition, the wake skew angles
at the front and rear parts of the wake boundaries vary
with the vertical distance away from the rotor disks.
These observations indicate that the effective wake
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Figure 6: Comparison of the VPM predicted
time-averaged normalized downwash distribution with
measurements at different vertical stations, CT =
0.0185
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Figure 7: VPM predicted time history of upper/lower
rotor thrust coefficients for the AFDD rotor, S/D =
10%, torque trimmed
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Figure 8: Effect of separation distance on the
upper/lower rotor thrust, predicted using both VPM and
the enhanced finite state dynamic wake model for the
AFDD rotor (torque trimmed)

skew used in the finite state interference model needs to
be correspondingly enhanced to properly simulate the
mutual wake interference for a coaxial rotor in forward
flight conditions.

Figure 10 presents the effective wake skew angles
near the rotor disk planes extracted from the
VPM simulations. For comparison purposes, the
corresponding data at the rear part of the wake
boundary (ψ = 0◦) extracted from the flight test were
also superimposed on the plots. As shown, the effective
near wake skew angles shed from the front and rear
parts of the rotor disks significantly differ from each
other. The effective wake skew angles for the vorticity
shed at ψ = 0◦ correlated well with the measurements.
Similarly, Figure 11 compares the effective far wake

(a) µ = 0.006

(b) µ = 0.09

(c) µ = 0.17

Figure 9: Comparison of VPM predicted tip vortex
trajectory with the Ka-32 flight test measurement at
different advance ratios, CT = 0.008

skew angles with the corresponding measurements. It
can be seen that the VPM prediction correlated well
with the available measurements.

The effective wake skew angles extracted from
the VPM simulations were incorporated to enhance
the finite state dynamic wake interference model to
properly simulate the mutual interference between the
upper rotor wake and the lower rotor wake. For
example, the enhanced finite state dynamic wake
model was used to calculate the forward flight
performance of the Harrington Rotor I configuration
and the simulation results were compared with the
corresponding measurements (Ref. [23]) in Figure 12.
For comparison purposes, the corresponding VPM
simulation results were also superimposed on the plot.
In both simulations, the rotor was trimmed to a constant
total thrust coefficient of CT = 0.0048 and a zero
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Figure 10: Comparison of VPM predicted near wake
skew angle with the Ka-32 flight test measurement
(CT = 0.008)

total torque. In addition, the total longitudinal force
was trimmed to balance the drag associated with an
equivalent flat plate area of 10 ft2 (as documented in
the measurement in Ref. [23]). In the trim solution,
the upper/lower rotor longitudinal cyclic are fixed to
the same value. Therefore, the trim variables are the
upper/lower rotor collective, the longitudinal cyclic
and the lateral cyclic. Correspondingly, the trim
targets are the total thrust, the total torque, the total
longitudinal force and the upper/lower rotor lateral
flapping angles. As shown in Figure 12, both the
enhanced finite state dynamic wake model and the
VPM prediction correlated well with the measured
forward flight performance of the coaxial rotor system.
The differences between the finite state simulation
results and the VPM simulation results are due to the
fact that the effective wake skew enhancements only
capture the first order effect of the nonlinear wake
skew variations at the front and rear parts of the wake
boundaries (Figures 10 and 11).

Conclusions

An enhanced real-time finite state dynamic
wake/interference model was developed to support the
design and analysis of coaxial rotor configurations.
The methodology is based on a real-time finite state
dynamic wake model with augmentations to model the
mutual aerodynamic interference between the upper
and lower rotors. The important modeling parameters
that appear in the enhanced finite state dynamic wake
model were determined from first-principle based VPM
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Figure 11: Comparison of VPM predicted far wake
skew angle with the Ka-32 flight test measurement
(CT = 0.008)

simulations. Both the enhanced finite state dynamic
wake model and VPM simulations were applied to
study the rotor performance and the detailed flow field
for different single and coaxial rotor configurations in
both hover and forward flight conditions. From this
study, the following general conclusions can be drawn:

1. The mutual aerodynamic interference between the
upper rotor and the lower rotor has important
impact on the performance of the coaxial
rotor system. A proper modeling of the
mutual aerodynamic interference is crucial to the
performance prediction of coaxial system.

2. The first-principle based VPM simulation
automatically captures the mutual aerodynamic
interference between the upper and lower rotors
without using ad-hoc parameters.

3. The VPM based finite state dynamic wake model
captures the correct rotor airloads distribution
and the rotor performance for isolated rotor
configurations.

4. The finite state dynamic wake model enhanced
with VPM simulations correctly captures
the fundamental phenomena of the mutual
aerodynamic interference inherent to coaxial rotor
configurations. The enhanced finite state dynamic
wake model correlated well with the measured
performance for different coaxial rotor systems in
both hover and forward flight conditions.

The developed methodology provides a first-principle
based state-space real-time rotor wake model to
support coaxial rotor simulation, analysis, and design
applications.
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Figure 12: Comparison of the hover performance
prediction using both the VPM and the enhanced finite
state dynamic wake model for the Harrington coaxial
rotor configuration (Rotor 1) (CT = 0.0048)
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