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Abstract

Characterization of ship-helicopter dynamic interface (DI) aerodynamics is a challenging problem that must be
addressed for safe naval helicopter operations. Current computational methods of simulating the DI employ
highly expensive unsteady Reynolds-Averaged Navier-Stokes (uRANS) techniques that exceed the resources
available for most applications. Newly-developed dual-solver hybrid computational fluid dynamics (CFD) tech-
niques permit the resolution of the fundamental physics in the DI at up to 85% less computational costs
compared to traditional methods through a reduction of the uRANS mesh size, faster initialization of the flow
field, and decoupling of the ship and helicopter aerodynamic simulations. While detailed experimental data is
not yet available, good qualitative agreement between fuselage loads in simulated DI scenarios with flight test
vehicle accelerations is observed.

1. INTRODUCTION

Helicopter shipboard operations are characterized by
a set of complex aerodynamic features that can result
in di�cult or dangerous scenarios for pilots. These
conditions are termed the Dynamic Interface (DI) be-
tween the ship and helicopter. As the DI can vary
significantly for di↵erent combinations of Naval assets
and environmental conditions, testing of every combi-
nation of ship and helicopter at a variety of wind-over-
deck (WOD) conditions is required to define safe oper-
ational guidelines. This testing is achieved through at-
sea flight tests, which are expensive, di�cult to sched-
ule, and can present di�culty in replicating all WOD
points depending on atmospheric conditions [1]. As a
result, alternatives to this testing using computational
models of the DI are sought to supplement and mini-
mize the at-sea testing, as well at mitigate gaps that
exist in the WOD operational envelopes.

The unsteady physics associated with even a simpli-
fied ship geometry, such as the Simple Frigate Shape 2
(SFS2), result in a highly complex three-dimensional
unsteady flow, as depicted by the schematic devel-
oped from wind tunnel flow visualizations by Seth [2]
in Fig. 1. The scarf vortices from ship superstruc-
tures create shear layers over the rotorcraft landing
deck, which includes aerodynamic phenomena compa-

rable to that of backward facing steps. As observed in
Fig. 1, many of the upstream components are sharp
edged, so that separation will be Reynolds number in-
dependent [3, 4]. Based on computational modeling,
di↵erences in the interactional vortex physics on the
landing deck are present between subscale Reynolds
numbers in the range of 100,000 to 400,000 and full
scale Reynolds numbers that are two orders of magni-
tude higher. Prior publication of limited features note
that vortex locations and recirculation bubbles are ob-
served to have a 5% di↵erence in location [3]. The
impact of scaling should include large yaw angles with
respect to the wind, as the complex shear layer and
separated flow interactions can result in more signifi-
cant di↵erences than in a zero degree headwind (yaw
is zero degrees) [5]. The influence of the wind tun-
nel walls can result in features that influence the ship
interactions, including stronger shear layers and reat-
tachment points on the ship landing deck [6]. As noted
in Fig. 1, there are dynamically changing bistable fea-
tures that can vary in character with the ship orien-
tation. As air vehicles will be flying into this dynami-
cally changing flow, it is important to ensure that com-
putational approaches are able to predict not simply
the mean flow, but the influence that these unsteady
flowfields have on the terminal shipboard operations
of rotary wing vehicles.



Figure 1: Schematic showing the development of the
ship airwake flow structures interpreted from wind
tunnel tests viewed from the ship stern. From Seth
[2].

Research in computational techniques suitable for
resolving the DI have defined two suitable approaches:
“unified” and “coupled” methodologies. A unified ap-
proach employs a single monolithic solver to resolve
the aerodynamics of both the ship and the helicopter
simultaneously. To resolve the complex physics of the
dynamic interface, it is often necessary to employ high-
fidelity, unsteady Reynolds-Averaged Navier-Stokes
(uRANS) solvers, typically with large eddy simula-
tion (LES) turbulence closures in the large separated
wakes. These approaches are expensive, requiring tens
of thousands of computer hours, due to the large range
of time and length scales involved in these interac-
tional aerodynamics, requiring small computational
time steps and highly refined computational grids to
adequately resolve [7]. Employing momentum-theory-
based models of the helicopter rotor can somewhat
mitigate the time step and grid size restrictions of
uRANS methods, but much of the expense is retained
and the full physics of the rotor aerodynamics may not
be captured [8, 9].

Coupled techniques separate the simulations of the
ship and helicopter aerodynamics and make some at-
tempt to merge the two models into a single repre-
sentation of the dynamic interface. The most com-
monly applied method is to precompute the ship air-
wake and use the resulting airwake database as an in-
put to a flight dynamics simulation of the helicopter.
This one-way coupled approach can be employed in
real-time and accounts for the broad nature of the ship
airwake’s e↵ect on the helicopter aerodynamics, but
detailed physical interactions between the rotor wake
and the ship structure, ship airwake, and helicopter
fuselage are not resolved [10]. Coupled approaches to
DI modeling are not necessarily simple superpositions
of flow fields. Depending on the formulation, the air-
wake will alter not only the flight characteristics en-
countered by the rotor/vehicle, but with a sophisti-
cated rotor wake model and coupling procedure, the
wake of the rotor is changed and this will provide a

secondary influence on the interactional aeromechan-
ics. This approach permits prediction of the first-order
nonlinear aerodynamic coupling between the airwake
and the rotor wake, as well as the use of the same
airwake database for multiple test points or di↵erent
helicopters.

The large gap in the cost/fidelity trade-o↵ between
unified uRANS and coupled flight dynamics simula-
tions is not unique to DI analysis. The need for a
middle-ground in rotorcraft computational fluid dy-
namics analysis has recently been addressed with the
development of hybrid CFD methodologies which em-
ploy a dual-solver approach to aerodynamic model-
ing of the rotor wake. In the near-body close to the
rotor blades, uRANS solvers are utilized to resolve
the complex flow physics within the rotor disk. The
far wake can be resolved with a variety of alterna-
tive aerodynamic solvers such as Vorticity Transport
Methods (VTM) [11], Viscous Vortex Particle Meth-
ods (VVPM) [12], or Potential Wake Methods (PWM)
[13, 14]. uRANS-PWM methods provide the most sig-
nificant cost savings over full uRANS methodologies,
with predictions of rotor hover performance and aeroe-
lastic distributed loads within 10% of full uRANS at
up to 95% reduced computational cost when employ-
ing a full-span free-vortex PWM [15, 16, 17, 18].

This research describes the development and appli-
cation of OVERFLOW-CHARM, a hybrid uRANS-
PWM solver, to the DI through replication of a Low-
Speed Object-Induced Recirculation (LOIDR) flight
test performed at Naval Air Warfare Command, Air-
craft Division, Patuxent River (NAWCAD-PR).

2. COMPUTATIONAL
METHODOLOGY

The hybrid dual-solver approach, OVERFLOW-
CHARM, couples NASA’s structured overset URANS
solver OVERFLOW [19] and Continuum Dynam-
ics, Incorporated’s full-span free-vortex wake solver
CHARM [20]. OVERFLOW’s fourth- and sixth-order
spatial di↵erencing schemes accurately preserve vor-
ticity and acoustic information on reduced-size meshes
compared with solvers based on second-order schemes.
Its oversetting capability allows resolution of complex
geometries using multiple structured grids, so that it
has been widely adopted within the both the fixed-
and rotary-wing communities. OVERFLOW includes
the native capability to compute rotor blade force and
moment coe�cients in various frames of reference, can
track multiple rotors with arbitrary properties and
can be coupled with comprehensive rotorcraft analysis
tools like RCAS [21] and ANOPP2 [22] for aeroelas-
tic and aeroacoustic predictions, respectively. These



Figure 2: Flowchart describing the operation of
OVERFLOW-CHARM

features have resulted in OVERFLOW’s inclusion as
an integrated component of many existing rotorcraft
analysis workflows, such as HPCMP CREATE™-AV
Helios [23].

CHARM represents rotor wakes as a series of con-
stant strength vortex filaments released along the span
of the rotor blades according to the blade circulation
distribution. The vortex filaments are discretized us-
ing curved vortex elements that provide superior com-
putational e�ciency over linear segments and improve
the scalability of the solver [20]. Aerodynamic bodies
such as hubs, fuselages, wings, and ground obstacles
can be resolved with doublet panels within CHARM or
modeled via alternate methods, such as OVERFLOW.
CHARM has also been successfully and accurately ap-
plied to numerous rotorcraft and advanced air mobility
(AAM) vehicle analyses [24, 25, 26, 27].

The coupling framework of OVERFLOW-CHARM
is described in Fig. 2. The OVERFLOW and CHARM
solutions communicate through the OVERFLOW-
computed blade loads and the CHARM-computed
wake domain boundary flow conditions. This approach
permits the uRANS computational domain to be sig-
nificantly reduced compared to a conventional uRANS
simulation while still including the e↵ects of the full
rotor wake. Components of interest can be modeled
either with uRANS (OVERFLOW) through Navier-
Stokes domains or potentially (CHARM) using image
planes or doublet panels. In this way, obstacles, such
as buildings, ship decks, and the ground planes can
be included in analysis of full or partial blockage or
ground e↵ect [18].

This framework has been proven to accurately re-
solve rotor loads (airloads, structural loads, hub loads)
with the same level of fidelity (within 5%) of con-
ventional uRANS methods at reduced computational
costs of approximately 60-90%, depending on the flight
condition [15, 16]. Multiple improvements to the ac-

curacy, e�ciency, and flexibility of the coupling frame-
work have since been implemented and validated for
relevant rotorcraft configurations for rotor-wing inter-
actions and ground e↵ect [18, 28].

To investigate OVERFLOW-CHARM’s ability to
resolve the dynamic interface configurations of inter-
est, the mechanics to couple the code to an externally-
computed airwake database were implemented. This
coupling approach provides the influence of the ship
airwake on the rotorcraft. While previous coupled
methods have shown discrepancies as the vehicle ap-
proaches the shipboard [10], this is attributed to the
lack of modeling of the aerodynamic interactions be-
tween the ship and rotor wake, which is included in the
current approach. As the airwake database only needs
to be generated once for each wind-over-deck (WOD)
condition, this approach is highly cost-e↵ective to as-
sess di↵erent rotor flight conditions for each WOD.
The external airwake database, which is the ship con-
figuration without the rotor model present, can be
computed using time steps 10-50 times larger than
that required for resolved rotor blades as the time step
requirement is driven by large-scale, low-speed con-
vecting eddies rather than by high-speed rotor blade
motion. The larger time step translates directly to
computational cost savings. The database is formed
through a uniform Cartesian sampling of the result-
ing airwake at relevant spatial and temporal scales to
encapsulate the expected range of aircraft operations.

The database is integrated into the OVERFLOW-
CHARM simulation at each time when the CHARM
wake is updated. CHARM calls the custom ship air-
wake coupling routine, which loops over the CHARM
wake control points and uRANS boundary points, in-
terpolates the velocities from the airwake database
onto the point, and adds the resulting velocity to the
existing velocity at the point. As long as the airwake
database is a uniformly spaced Cartesian grid, the cell
wherein the CHARM point lies can be calculated di-
rectly. Thus, the cost of the coupling scales directly
and only with the number of points in the CHARM
simulation, and the airwake database can be arbitrar-
ily large (within memory constraints) without impact-
ing the speed of the algorithm. As noted previously,
this approach is not simply a superposition of flow
fields, because the EFP airwake alters the CHARM
rotor wake solution, which impacts the self-induced
wake-element Biot-Savart calculations that are fed to
OVERFLOW when the CHARM solution is advanced.
Thus the nonlinear e↵ects of the complex flow field are
captured, though the resulting influence of the heli-
copter on the airwake is not included.



Table 1: Table of wind speed and orientation for the
LOIDR tests.

Downwind Sideslip
� (�) 0 75
M1 0.0075 0.0083

3. FLIGHT TEST CAMPAIGN

Flight tests of the V-22, UH-72, OH-58C, and UH-
60L have been performed on the airfield at Naval
Air Warfare Command, Aircraft Division at Patuxent
River, Maryland (NAWCAD-PR) with the objective
of providing validation data for the Dynamic Inter-
face Virtual Environment (DIVE) program to improve
and validate DI simulation tools. The ground obsta-
cle, called the Elevated Fixed Platform (EFP), was
a 96⇥100⇥38 foot construction of standard CONEX
boxes. During these tests, velocity data was obtained
from anemometers arranged along the wall of the EFP,
as well as aircraft performance data and ambient wind
conditions from a reference anemometer. Rotor speed
was varied to achieve di↵erent values of thrust coe�-
cient, since aircraft weight was allowed to vary with
fuel burned. The data gathered during the flight test
includes time-resolved velocity measurements near the
EFP, aircraft position and attitude, pilot and stability
augmentation system (SAS) control inputs, and engine
power and fuel consumption. Testing was performed
on days where winds were not expected to exceed ten
knots. Before each test, a hover ladder, during which
the aircraft hovered at skid heights above the ground
of 1, 6, 15, 24, 39, and 44 feet, was performed at a
distance outside of the influence of the EFP. Next,
the hover ladders were repeated for predetermined lo-
cations approaching the EFP along a line extending
from the centerline of the EFP. Finally, a similar pro-
cedure was performed with the rotor aligned with the
port face of the EFP. A snapshot of the UH-60L dur-
ing these tests, which are described in detail in Silva
et al. [29], is given in Fig. 3. Because the data are still
undergoing analysis prior to being released, to facili-
tate this demonstration, the unprocessed accelerome-
ter data were qualitatively compared to computational
predictions as described in subsequent sections.

4. NUMERICAL APPROACH

From the full-scale LOIDR flight test campaign, test
points for the hovering UH-60L at a skid-height of fif-
teen feet (corresponding to approximately one rotor
radius), 98% rotor speed, and two di↵erent locations
with respect to the EFP have been computationally
analyzed. At the first location, the UH-60L hovers 34
feet from the nearest face of the EFP, measured to the
pilot’s “bumline”. For the second location, the UH-

Figure 3: UH-60L hovering near the EFP during flight
tests at NAWCAD-PR. Photo courtesy of NAVAIR
[29].

60L hovers over open tarmac, providing a comparison
of the aerodynamics when the rotor wake is (Loc A)
and is not (Loc B) interacting with the EFP. The wind
conditions during these tests were approximately 5.5
knots at 217� from north, corresponding to 75 degree
sideslip. To examine the influence of the wind direc-
tion, a second case with winds directly aligned with
the EFP center line (zero degree helicopter sideslip)
at five knots were also performed at Loc A. Table 1
defines these wind test conditions. Simulations were
performed at standard sea level conditions with a rotor
tip Mach number of 0.63.

The airwake database was generated using HPCMP
CREATE™-AV Kestrel [30]. From these simulations,
airwake data were extracted for a 300⇥300⇥150 foot
control volume around the helicopter position of the
EFP at the recorded ambient wind conditions. The
airwake database was coupled to an OVERFLOW-
CHARM simulation of the UH-60L helicopter at iden-
tical reference conditions. This process is illustrated
in Fig. 5.

4.1. Airwake Database

The airwake database was formed via three stages.
First, a steady simulation developed the EFP wake.
Then, a time-accurate simulation prior to data ex-
traction evolved accurate unsteadiness in the wake.
Finally, a second time-accurate simulation generated
the final airwake data, extracted onto the three-
dimensional Cartesian grid described previously. The
extracted data were converted to a simplified format
containing only velocity deviations from the nominal
freestream velocity and normalized by the freestream



speed:

(1) ~uairwake =
~uextract � ~u1

k~u1k .

This circumvents the need for unit conversions be-
tween the airwake and helicopter simulations.

The computational mesh for the airwake simulations
was an unstructured mesh composed of tetrahedral,
prism, and pyramid cells generated by the program
Heldenmesh [31, 32, 33] (see Fig. 4). Heldenmesh
merges a list of patches and an input file describing
sources for grid refinement to create the unstructured
surface and volume meshes. The EFP has a primary
cell spacing one-foot, with half-foot cells along the
edges. A refinement region was introduced in the oper-
ational area of the helicopter containing one-foot cells.
The cell sizes gradually grow from the refinement re-
gion with an initial stretching factor of 1.05 to a maxi-
mum size of fifty feet. The far field boundaries are ap-
proximately 5000 feet from the EFP and the top of the
bounding box is 1000 feet high. Boundary layer T-Rex
cells are grown from the ground plane and EFP sur-
faces with a first cell spacing of 0.0000132 feet, which
corresponds to a y+  1. The grid contained a total
of 81 million cells.

(a) EFP Surface Grid

(b) Volume Mesh Slice

Figure 4: Illustrations of the unstructured EFP grid
employed in the Kestrel airwake simulations.

The computations for the airwake development em-

Figure 5: Flowchart of procedure for performing
LOIDR simulations.

ployed the compressible formulation of the default
near-body solver in Kestrel, KCFD [8]. The flow was
resolved with an HLLE++ scheme for inviscid flux
computation, LDD+ scheme for viscous flux compu-
tation, second-order spatial accuracy, and the Menter
SST DDES turbulence model with a wall function.
The steady state simulations were evaluated for 30000
iterations at a Courant-Freidrichs-Lewy (CFL) num-
ber of 1000 to develop the airwake. The unsteady
simulations employed second-order Newton time step-
ping with a time step corresponding to 1000 steps for
a fluid particle to traverse the length of the EFP at
the freestream velocity (about 0.01 seconds per step).
Four subiterations were utilized, which was su�cient
to provide a residual drop of at least three orders of
magnitude. The unsteady flow field was initialized
for 20000 iterations, and then another 2160 iterations
were performed to generate the airwake extracts. This
procedure and mesh development follows best prac-
tices recommended by Dr. Susan Polsky, established
from decades of ship airwake simulation experience at
NAWCAD-PR.

The airwake simulations were required to produce a
time history of airwake data that exceeded the length
of time over which OVERFLOW-CHARM predicted
the rotorcraft response. To allow su�cient time for
the simulation to converge and investigate unsteady
fuselage and rotor loads, an airwake record length of
20 rotor revolutions was chosen. At the experimental
rotor speed, this corresponds to 4.7 seconds of simu-
lation, with an extra second required to initialize the
CHARM wake. The extract volume, shown in Fig. 6,
encompasses the region of space in which the CHARM
wake is modeled in the helicopter simulations and is
made up of Cartesian cells at a resolution of one-foot
(0.6 blade chords).

5. Helicopter Simulations

The details in obtaining the UH-60L simulations em-
ployed lessons learned from the previous studies of
the relevant aerodynamics in DI analysis by NAVAIR.
The rotor blades were resolved with non-contiguous



Figure 6: Airwake database region with respect to the
EFP and UH-60L

OVERFLOW grids (see Fig. 7). The fuselage and
EFP were resolved with CHARM doublet panels. The
ground was modeled as an image plane. Because trans-
formations of the pilot controls to swashplate angles
were not provided, cyclic angles were held at zero and
the collective was trimmed by first computing a tar-
get rotor thrust based on gross weight and fuselage
download. The fuselage download was calculated di-
rectly from pressures computed by the OVERFLOW-
CHARM fuselage panel method. The gross weight
was calculated from flight test data, where the empty
weight of the helicopter and pilot weights were given.
Fuel weight was calculated by subtracting the total
fuel burned from the reported starting fuel. The total
fuel burned was calculated by integrated the measured
fuel burn rate from the start of the data collection pe-
riod to the appropriate time of the selected test point,
accounting for incremental burn during the simulated
period. A blade motion file with the updated collective
to either increase or decrease the predicted thrust to
approach the target thrust was generated. The rotor
coning angle was approximated from previous aeroe-
lastic predictions of the UH-60 rotor assuming linear-
ity with thrust. No elastic deflections of the blades
were applied. This manual trimming procedure is in
lieu of coupling to a flight dynamics or comprehensive
code that is recommended for future expansion of this
analysis.

5.1. Computational Meshes

The OVERFLOW blade grids were identical to the
baseline blade grids employed in the study of Wilbur et
al. [34, 16], which studied the ability of OVERFLOW-
CHARM to make aeroelastic predictions of the UH-60
rotor. The grids were originally generated at Boeing
and are typical for engineering applications, and were
part of a much larger mesh refinement study. Each
near-body blade grid consists of three million points

Figure 7: Diagram of the OVERFLOW-CHARM do-
main configuration.

and is composed of a main blade C-mesh bounded by
root and tip cap meshes. The surface of the blade is re-
solved by 302 points around the chord and 100 radial
points, with 77 points extending in the wall-normal
direction. The leading and trailing edge spacing cor-
responded to 0.3% and 0.05% of the reference chord,
respectively. The first cell in the boundary layer had
a thickness such that y+ = 1, and there were approxi-
mately 46 points in the boundary layer.

The EFP and UH-60L fuselage were resolved with
CHARM doublet panels. The UH-60L fuselage was
represented with 8,374 triangular and quadrilateral
panels, as illustrated in Fig. 8. This resolution was
determined to be su�cient to resolve the geometry of
the UH-60L and is much more detailed than is usually
employed for stand-alone CHARM computations [35].
The EFP was made up of 220 rectangular panels, with
ten panels along the length and width and four panels
in the vertical direction.

5.2. Numerical Options

The selection of the optimum numerical options was
derived from best practices established in previous
studies with OVERFLOW-CHARM [28]. The phys-
ical time step is equivalent to a rotor advancement of
0.5 degrees, applying dual time steps with forty subit-
erations and a minimum CFL number of five, which
provided a residual drop of at least one order of magni-
tude. The right-hand-side terms were discretized using
fourth-order Roe upwind spatial di↵erencing with 4/2
dissipation where the fourth- and second-order dissi-
pation constants were 0.04 and 10.0, respectively. The
left-hand-side terms were discretized using a diagonal-
ized Beam-Warming scalar pentadiagonal scheme with



Figure 8: CHARM panels resolving the UH-60L fuse-
lage.

fourth-order dissipation. The one-equation thin-layer
SA turbulence model was applied with a rotational
correction, as the flow over the rotor blades remains
attached.

The CHARM model consisted of the EFP and UH-
60L panels described earlier along with an image plane
at ground level to resolve wake-body interactions. The
CHARM rotor wake model was updated every five de-
grees of rotor rotation, retaining ten revolutions of full-
span vortex elements and 20 revolutions of tip vor-
tex elements. Artificial dissipation was applied near
the ground plane to model the viscous interactions of
the wake with the ground, as recommended by CDI.
The CHARM solution was initialized for six revolu-
tions from blade loads predicted by a two-revolution
OVERFLOW simulation. To prevent initial uRANS
transients from disrupting the CHARM solution, blade
loads were blended from the input loads beginning af-
ter one blade passage of coupled simulation and pro-
ceeding over the second blade passage, after which
loads are extracted solely from the uRANS solution.

6. RESULTS

6.1. EFP Airwake Predictions

The airwake simulations were performed on the US De-
partment of Defense (DoD) high performance comput-
ing cluster “Onyx” using 704 Intel E5-2699v4 Broad-
well processors at 2.8 GHz. Each calculation required
approximately sixty hours of wall time, translating to
about 42,000 CPU-hours. 92% of this time was spent
initializing the flow field before airwake database ex-
traction. Because the airwake extraction portion of the
simulation constitutes such a small fraction of the total

(a) Steady Restart

(b) Unsteady Restart

Figure 9: Slice of solution after steady-state and un-
steady initialization calculations for the downwind air-
wake (fuselage not present in the simulation). EFP
shown in gray.

airwake development, lengthening the record length of
the airwake database would not incur significant addi-
tional cost in the airwake simulations for applications
where long record lengths of airwake data are required,
i.e. a fully simulated shipboard approach.

Examples of the flow field planes after each stage of
flow field initialization are illustrated in Figs. 9 and
10. Because mesh refinement only extends 172 feet in
the x-direction behind the EFP, the steady-state sim-
ulation of the downwind case is unable to develop the
airwake beyond this distance. The unsteady initializa-
tion further develops the airwake and time-accurately
resolve the unsteadiness in the separated flow. At the
sideslip condition, the unsteady initialization also re-
solves the secondary wake that is shed from the lower
corner of the EFP, observed directly below the UH-60L
position in Fig. 10.

The complexity of fully-developed airwakes for the
downwind and sideslip conditions are illustrated in
Fig. 11, with the location of the UH-60L in the coupled
simulations displayed for reference. At the downwind
condition, the UH-60L is fully immersed in the air-
wake of the EFP, whereas in the sideslip condition, the
shear layer at the boundary of the airwake impinges
directly on the UH-60L fuselage. As observed in Fig.
12, which illustrates a time-history of the cardinal ve-
locities along the center line of the eventual UH-60L
fuselage position, full immersion within the airwake re-
sults in velocity fluctuations of approximately six ft/s.
In Fig. 13, velocities are much more variable in both
space and time, with fluctuations as much as ten ft/s.
The dominant period for oscillations is approximately



(a) Steady Restart

(b) Unsteady Restart

Figure 10: Slice of solution after steady-state and un-
steady initialization calculations for the sideslip air-
wake (fuselage not present in the simulation). EFP
shown in gray.

1-2 seconds in time and 5-10% of the fuselage length
in space. The magnitude and temporal and spacial
frequencies of these oscillations indicate that strong
forces and moments are expected to be imparted on
the fuselage in the coupled simulation at the sideslip
condition, particularly side force and yawing moment
from the airwake impinging on the nose of the fuselage.

6.2. OVERFLOW-CHARM Down-
wind Condition Simulations

6.2.1. Flow Field

Observing the CHARM-induced flow fields after 1.6
seconds of simulated time at the downwind condition
condition in Fig. 14, the e↵ect of airwake coupling
is most clearly visible by its e↵ect on the trajectory
of the rotor wake. Without airwake coupling, the
CHARM vortex wake elements are convected by the
full freestream velocity, and the rotor wake behaves as
if it were in traditional forward flight, with some im-
pingement of the blade tip vortices on the nose of the
fuselage. With airwake coupling, the CHARM vortex
wake elements are instead immersed in the wake of
the EFP and are convected by the low-speed flow in
this separated region. As a result, the wake behaves
more like a hover condition, and wake spreading due
to the ground e↵ect causes the blade tip vortices to
pass well in front of the fuselage nose. The change
in wake trajectory also determines how the blade tip
vortices interact with the stabilator. Some recircula-
tion of the rotor wake is observed in the high velocity
region near the EFP face, but blade tip vortices are
generally dissipated by the time they rise to the rotor

(a) Downwind Condition

(b) Sideslip Condition

Figure 11: Isosurfaces of velocity magnitude colored
by upwash velocity at the midpoint of the airwake
database record (fuselage not present in the simula-
tion). EFP shown in black.



(a) Longitudinal Velocity

(b) Side Velocity

(c) Vertical Velocity

Figure 12: Time history of airwake velocities at the
UH-60L hover location for the downwind airwake
(fuselage not present in the simulation).

(a) Longitudinal Velocity

(b) Side Velocity

(c) Vertical Velocity

Figure 13: Time history of airwake velocities at the
UH-60L hover location for the sideslip airwake (fuse-
lage not present in the simulation).



plane.

(a) EFP Airwake

(b) No Airwake Coupling

(c) With Airwake Coupling

Figure 14: Comparison of CHARM-induced flow fields
at t = 1.6 seconds for OVERFLOW-CHARM simu-
lations of the downwind condition with and without
airwake coupling.

6.2.2. Fuselage Loads

While a major metric of interest during DI oper-
ations is pilot workload, it is generally quantified
with subjective pilot assessments during flight tests
that are not part of this work. When attempting
to correlate wind tunnel or computational aerody-
namic predictions to pilot workload, previous authors
have determined that the most important factor is
unsteadiness in the helicopter fuselage loads, partic-
ularly side and drag forces [36]. Making quantita-
tive correlations of predictions of fuselage loads by
OVERFLOW-CHARM to vehicle motion, pilot con-
trol inputs, and workload is left for future work, but
qualitative comparison is made to investigate the ca-
pabilities of airwake-coupled OVERFLOW-CHARM
simulations. The fuselage loads were filtered using a
moving average filter:

(2) Ffiltered(t) = Fraw (t� tb/2 : t+ tb/2).

where tb is the temporal length of one blade passage.
This equation filters out oscillations at and above the

blade passage frequency, which dominate the time his-
tories of the fuselage loads. Because the blade passage
frequency (16.9 Hz) is high enough that the resulting
oscillations do not require a pilot response to counter-
act and are instead perceived as vibrations and struc-
tural noise, the filtered loads provide a better indica-
tion of variations in forces and moments that will af-
fect aircraft motion. The reference point for reported
moments is the origin of the computational domain,
located at the center of the rotor disk.

The impact of including airwake coupling in the
OVERFLOW-CHARM simulations was investigated
by comparing fuselage loads predicted with and with-
out airwake coupling at the downwind condition. The
most prominent influence on the statistics (see Table
2) is a drop in the mean longitudinal force, resulting
from the immersion of the fuselage within the sepa-
rated flow region of the EFP. The Root-Mean-Squared
(RMS) forces and moments are also reduced by about
39% with the inclusion of airwake coupling, likely due
to the reduced velocity magnitudes within the EFP
airwake and the di↵erence in the rotor wake trajec-
tory. The reduction in fuselage force variation indi-
cates that airwake coupling is necessary for accurate
characterization of aircraft motion when the helicopter
is operating in large regions of separated flow.

6.3. OVERFLOW-CHARM Sideslip
Condition Simulations

6.3.1. Flow Field

Figure 15 compares the OVERFLOW-CHARM-
predicted flow fields after 2.8 seconds of simulated
time at the sideslip condition for three di↵erent in-
stances: without the EFP, with the EFP and no air-
wake coupling, and with the EFP including airwake
coupling. Without the EFP, the flow field corresponds
to that of a helicopter in ground e↵ect, for which this
OVERFLOW-CHARM approach has been validated
with OVERFLOW alone and with experiment [28, 18].
Behind the fuselage, interactions of the blade tip vor-
tices and the UH-60L tail result in more dispersed vor-
tices than at the nose. When the EFP panels are in-
cluded in the model, rotor wake upwash is observed
at the face of the EFP and tip vortices recirculate to-
wards the rotor plane. Tip vortices at the front of
the aircraft coalesce into larger vortices, whereas with-
out the EFP, they remain spread along the slipstream
boundary. When airwake coupling is included, these
tip vortices again become spread along the slipstream
boundary, and more pronounced rotor wake recircula-
tion is observed. The velocity deficit within the sepa-
rated flow region of the EFP airwake is clearly visible
in the region around the EFP. The fully coupled flow
fields at both the sideslip and downstream conditions
contain the major features of the DI including sepa-



Table 2: Table of OVERFLOW-CHARM-predicted fuselage force and moment statistics at the sideslip condition.
Forces are in lbs, moments are in lb-ft.

Simulation Long. Force Side Force Vertical Force
Configuration Mean RMS Mean RMS Mean RMS
No Airwake 181 100 -39 159 48 111
With Airwake 53 44 45 72 21 84
Simulation Roll Moment Pitch Moment Yaw Moment

Configuration Mean RMS Mean RMS Mean RMS
No Airwake -66 983 1305 790 -66 983
With Airwake 474 469 1345 700 -262 607

rated flow from blu↵ body structures, deflection of the
rotor wake with solid surfaces, rotor wake recircula-
tion at solid walls, and rotor wake interactions with
the helicopter fuselage. To improve the consistency
of achieving these promising results, methods for en-
hancing the prediction of corner flows in the CHARM
panel method should be investigated. Artifacts in the
induced flow field in the form of high velocities at a
single point very near the fuselage and EFP (see Fig.
15d), are the result of the panel method enforcing no
slip across the panels. Because this is an induced flow
field and not directly representative of the CHARM
solution, these artifacts do not impact the fidelity of
the CHARM solution.

6.3.2. Fuselage Loads

At the sideslip condition, the di↵erences in predicted
fuselage loads between simulations with and without
the EFP and with and without airwake coupling are
less pronounced than the downwind condition. No
clear trend is visible for the influence of the EFP on the
fuselage force statistics in Table 3, although the instan-
taneous forces are heavily influenced by the presence
of the EFP. When airwake coupling is included, the
mean longitudinal force drops from about 75 lbs to 31
lbs. As with the downwind condition, RMS forces and
moments are generally reduced when airwake coupling
is included, though only by 17% at this condition. In-
stantaneous fuselage loads are provided in Ref. [28].

6.4. Correlating Fuselage Loads to
Flight Test Acceleration Measure-
ments

The flight test data provides time histories of aircraft
acceleration at the sideslip condition with and without
the EFP. As a preliminary step towards correlating the
fuselage forces to aircraft motion, “events” in the fuse-
lage forces and flight test accelerations are compared.
Events are classified by their temporal length, and are
are defined as deviations of that length from the trend
in the signal. Full details of event identification are
provided in Ref. [28].

(a) EFP Airwake

(b) No EFP

(c) With EFP (No Airwake Coupling)

(d) With EFP (With Airwake Coupling)

Figure 15: Comparison of CHARM-induced flow fields
at t = 2.8 seconds for OVERFLOW-CHARM simula-
tions of the sideslip condition with and without the
EFP present and with and without airwake coupling.



Table 3: Table of OVERFLOW-CHARM-predicted fuselage force and moment statistics at the sideslip condition.
Forces are in lbs, moments are in lb-ft.

Simulation Long. Force Side Force Vertical Force
Configuration Mean Variance Mean Variance Mean Variance

No EFP 76 148 -192 179 71 102
EFP, No Airwake 74 150 -124 212 73 84
EFP, With Airwake 31 89 -197 161 69 90

Simulation Roll Moment Pitch Moment Yaw Moment
Configuration Mean Variance Mean Variance Mean Variance

No EFP -1195 1072 893 1835 37 604
EFP, No Airwake -775 1313 776 1882 -61 639
EFP, With Airwake -1262 962 1090 1502 -84 354

Events are categorized by their length in seconds
and the frequency of events having various lengths are
compared between the fuselage longitudinal and side
forces and flight test longitudinal and lateral accel-
erations, illustrated in Fig. 16. The most common
events in both the flight test and computational data
have lengths between 0.2 and 0.8 seconds, generally de-
creasing in frequency as event length increases. While
OVERFLOW-CHARM generally overpredicts the fre-
quency of events, likely due to somewhat exaggerated
unsteadiness in the CHARM vortex wake method,
which is a known aspect of potential wake models, the
qualitative trend is captured. Events longer than one
second occur infrequently in all data sets, and due to
the relatively short record length of the OVERFLOW-
CHARM data (4.7 seconds compared to 50 seconds
for the flight test), these longer events are more di�-
cult to correlate to the flight test controls data. The
most prominent e↵ect of the EFP in the flight test
data is the increase in occurrence rate of events be-
tween 0.2 and 0.4 seconds, which is also predicted by
OVERFLOW-CHARM. The occurrence rate of longer
events in both the flight test data and OVERFLOW-
CHARM predictions are less a↵ected by the presence
of the EFP and its airwake. These qualitative assess-
ments with the accelerometer data indicate the e�cacy
of this approach.

6.5. Computational Cost

Conventional uRANS simulations of configurations
such as this one have the primary disadvantage that
the rotor and ship (in this case, replaced with the EFP)
airwakes must be developed using the same time step.
While the ship airwake can be initialized at a larger
time step before the helicopter is placed into the sim-
ulation, once the rotor blades are turning, the entire
fluid domain must be computed at the time step con-
strained by the motion of the rotor blades. For such
simulations to be tractable, the rotor-constrained time
step is typically avoided by using actuator disk meth-
ods, which sacrifice the time-accurate capture of ro-

tor wake physics. With this OVERFLOW-CHARM
methodology, the “ship” airwake is initialized ahead
of time, but during the time period of interest, the
ship airwake solver is constrained to the time step of
the free-wake solution (e.g. five degrees of rotor rota-
tion), rather than the uRANS time step of the rotor
(e.g. 0.5 degrees of rotor rotation).

An additional source of computational cost in
uRANS simulations is performing domain connectiv-
ity of the overlapping grids as the helicopter moves
relative to the ship and as the blades move relative
to the helicopter. Polsky et al. [10] reported that
this procedure alone accounted for 54% of the CPU
time per step of uRANS DI analysis when the heli-
copter is close to the ship. With the non-contiguous
OVERFLOW-CHARM methodology utilized in this
research, domain connectivity is only performed be-
tween the grids for each blade and amounts to less
than 1% of the CPU time per step.

In total, the analyses presented here required 2,800
CPU-hours per second of simulated time for each test
point. If the monolithic approach using only uRANS
(rather than the hybrid code) is applied to the UH-
60L, employing the same blade grids (12.3 million
points) and an additional 20 million point uRANS
fuselage grid, the computational cost would be ap-
proximately 19,000 CPU-hours per second of simu-
lated time, including the additional cost of performing
domain connectivity. As such, OVERFLOW-CHARM
constitutes an estimated 85% cost savings compared to
an equivalent uRANS simulation of the same config-
uration. The analyses of Polsky et al. [10] required
5,000 CPU-hours per second of simulated time for an
actuator disk rotor model and a relatively coarse mesh
of only 17 million total points for the ship and heli-
copter.

The addition of airwake coupling to the
OVERFLOW-CHARM interface protocols in-
creased the CHARM step time from 26.26 seconds
to 27.18 seconds, demonstrating that the interface



(a) No EFP

(b) With EFP

Figure 16: Occurrence rate of events of various lengths
in time histories of OVERFLOW-CHARM-predicted
fuselage longitudinal and side forces and flight test lon-
gitudinal and lateral accelerations with and without
the EFP.

between CHARM and the airwake database is highly
computationally e�cient.

7. CONCLUDING REMARKS

This OVERFLOW-CHARM analysis of the physics of
the DI provides valuable insight into the capabilities
of a state-of-the-art hybrid uRANS/free-wake solver
for characterizing DI aerodynamics. OVERFLOW-
CHARM can capture the fundamental physical fea-
tures of the DI at approximately 85% less computa-
tional cost than conventional uRANS methods. The
e↵ect of DI interactions on unsteady fuselage loads
are also correlated with those predicted by flight test
data. Analysis of predictions of fuselage force varia-
tion indicates that airwake coupling may be vital for
accurate characterization of aircraft motion when the
helicopter is operating in large regions of separated
flow. Coupling OVERFLOW-CHARM to a precom-
puted airwake database is highly cost e�cient, with a
less than 0.5% impact on the computational cost com-
pared to uncoupled simulations. The precomputed the
airwake can also be re-used for various helicopter po-
sitions or for di↵erent aircraft models, making it more
e�cient for routine DI analysis than a unified approach
to DI simulation.

As the LOIDR data from the Navy flight test be-
comes available, quantitative assessments are planned
with this hybrid methodology in comparison with
other approaches being evaluated for DI applications.
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