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ABSTRACT

Modeling and simulation developments have resulted in high fidelity pilot-in-the-loop flight simulators providing
realistic training environments. Modeling challenges continue to exist, in particular for accurate simulation of the
near-ship environment critical to landing a helicopter onto the flight deck of a moving ship with various wind
conditions. Providing an effective simulated environment requires modeling of the highly unsteady airwake
resulting from bluff-body aerodynamic interactions of the ship superstructure and hangar near the flight deck and in
close proximity to the ship as it passes through the airstream. This paper describes the development of a U.S. Navy
rotary wing flight simulation with turbulence effects including high-fidelity representation of the ship airwake
environment. The spatially-varying and time-varying flow field around the ship is determined off-line using a
hybrid, inviscid CFD methodology that is well-suited for representing the turbulent environment several ship
lengths downwind from the flight deck with moderate computational requirements. Results from this off-line
analysis are formulated into a ship airwake database for multiple landing platforms and wind-over-deck conditions
suitable for real-time pilot-in-the-loop virtual simulation. The paper describes the development of the simulation
flight dynamics model, development and validation of the CFD-based ship airwake flow fields, and integration of
the ship airwake database within the aerodynamic model. Implementation issues associated with integrating the
ship airwake database into the flight dynamics model associated with real-time implementation and memory
management are identified, and the approach to overcome these issues are described.
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INTRODUCTION

One of the most difficult piloting tasks presented to an
aviator is the challenge of landing an aircraft
(helicopter) onto the flight deck of a moving ship in
high sea-states with gusty wind conditions. This task
is compounded by the aerodynamic disturbances that
result from the flow around the ship superstructure,
which is in close proximity to the landing spot. The
spatially- and time-varying flow field associated with
this ship airwake can lead to significant pilot control
activity and workload during approach and recovery,
station-keeping, and vertical replenishment
(VERTREP) tasks. Determination of launch/recovery
and other operational envelopes, as well as pilot
training, has depended extensively on flight testing,
although testing in this manner is expensive and
requires that two assets (ship and aircraft) are
available. Furthermore, such tests require that
sufficiently variable winds and sea states exist to
properly cover the range of operations anticipated for
fleet use. One potential alternative, however, is the use
of flight simulation (Carico and Madey, 1984). Flight
simulation of ship aviation operations, in particular for
pilot training, has an obvious benefit of the availability
of any sea state, wind condition, and surface ship,
provided that the underlying simulation mathematical
model has appropriately characterized the complex
aerodynamic environment of the ship airwake and its
influence on the aircraft flight dynamics.

Computer simulation of the shipboard environment is
very complex, however, due to the need to model all
aspects of the operational environment. Specifically,
considerations must be given to proper modeling of
multiple phenomena, including the ship motion in the
particular sea-state condition; the atmospheric
turbulence seen by the ship superstructure; the airwake
over the ship arising from external winds and ship-
generated motion; the helicopter response to both pilot
inputs and airwake disturbances; the interaction of the
helicopter rotorwash or aircraft jet wash with the ship
structure and airwake in the landing zone; and the
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visual, aural and motion cues associated with the
piloting of the aircraft in the at-sea environment
(Healey, 1987). Individually, modeling the ship
airwake represents an extremely challenging problem,
and interactions between the ship airwake and these
other phenomena (e.g., rotorwash interactions) push
the limits of current-generation computational
capabilities well beyond what is feasible for real-time
implementation.

Historically, real-time flight simulators have used
relatively simplistic models for the ship airwake
disturbance due to limits of computational power and
available airwake data. In recent years, the advent of
computational fluid dynamics (CFD) has provided
analytical tools suitable for predicting the complex,
unsteady flow field associated with the ship airwake.
There has been considerable research and development
on the application of CFD to model the highly
separated bluff-body flow associated with the flow past
a ship (e.g., Liu and Long, 1998; Tai, 1998; Polsky and
Bruner, 2000; Polsky 2002; Arunajatesan et al., 2004,
Alpman et al., 2007). These investigations have
examined a range of CFD methods (i.e., inviscid Euler
versus viscous Navier-Stokes flow solvers) and
modeling parameters, including the effects of ship
motion and interactions between the ship airwake and
aircraft jet wash or rotorwash. Applications of CFD
methods for modeling the ship airwake disturbance
environment in real-time, piloted flight simulations has
been more limited, however, where CFD is used to pre-
compute the flow field as part of a ship airwake
database (Bunnell, 2001, Bogstad et al., 2002, Lee et
al., 2005). Application of CFD to real-time shipboard
flight simulations has typically been limited to
modeling of a single ship-helicopter combination,
although the latter investigation (Bogstad et al., 2002)
has focused on the development of a multi-ship
airwake database for a helicopter pilot training
simulator.  Development of such a database is a
substantial undertaking, requiring the balance of
modeling fidelity, database flow field discretization,
and computational limitations of memory and storage.
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This paper describes the development of ship airwake
databases from CFD for application in U.S. Navy H-60
piloted training simulators. Analysis of the unsteady
flow field due to the flow past multiple ship and
landing platforms is performed using a hybrid, inviscid
CFD methodology, which has been developed with
several features that are well-suited for this application.
After a brief overview of the flight simulator
development, a description of the CFD analysis is
provided, and results are presented that demonstrates
its applicability to modeling the disturbance
environment in a piloted flight simulation. The
approach for the formulation and integration of the
ship airwake database is described, which addresses
real-time operation and memory management
considerations. This paper describes on-going work
that will ultimately conclude with pilot evaluations in
late-2007 and 2008.

SIMULATION DEVELOPMENT OVERVIEW
Flight Dynamics Simulation Model Overview

The flight dynamic model consists of a nonlinear, total
force and moment model with 11 degrees of freedom:
six rigid-body, three rotor-flapping, dynamic inflow,
and the rotor rotational degrees of freedom. The flight
dynamic simulation includes mathematical
representations of the fuselage, empennage, main rotor,
and tail rotor.

The fuselage model computes the forces and moments
due to the surface pressures and skin friction, including
external stores, represented by six aerodynamic
components which are defined from wind tunnel data.
The angle of attack at the fuselage is calculated using
the free stream and interference effects of the main
rotor, which are based on rotor loading and rotor wake
skew angle.

The empennage aerodynamics are modeled separately
from the fuselage. The angle of attack at the
empennage is developed from the free stream velocity
and rotorwash. Additional dynamic pressure effects
from the fuselage are accounted for by factoring in the
free stream velocity component.

The main rotor model is based on the ARMCOP model
(Chen, 1979) with correction factors to fine tune the
static and dynamic responses as required by validation
criteria. In addition, the model has been enhanced with
a dynamic inflow formulation (Schrage et al., 1988).
This mathematical representation explicitly accounts
for the dynamic effect of rotor modes, such as rotor-
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blade-flapping.  The blade flapping equations of
motion contain the primary rotor parameters,
specifically: flapping hinge constraint, hinge offset,
blade Lock number, and pitch flap coupling.

The dynamic inflow formulation is based on the Pitt-
Peters theory (Pitt and Peters, 1981) that relates the
airloads of a rotor (C;, C;, and C,,) to the induced
inflow distribution v(r,y), where Cr, C,, and C,, are
the aerodynamic perturbations in thrust, roll moment,
and pitch moment, respectively (Lee, 2005). The
induced inflow is assumed to have the following
variation in the wind axis coordinates:

v(ry)=vy+v, LSinl// +v, LCOSI//
'R R (1)

where r is the blade radial coordinate, R is the rotor
radius, and y is the rotor azimuth angle. The inflow
states vy, v,., and v, are the magnitude of uniform,
lateral, and longitudinal variations in induced flow.
The time histories of v,,v,, andv, are governed by

the following first-order differential equation:

Vo Vo Cr
[MEv b+ 2] v, =1y @)
‘)c Ve CM

where [M] is the matrix of the apparent mass terms,
[]is the nonlinear version of the inflow gains matrix.

The tail rotor model is modeled as a teetering rotor
without cyclic pitch. For this case, the forces in the
wind-hub system are obtained from the expressions
derived for the main rotor by setting the lateral and
longitudinal cyclic pitch terms equal to zero.
Furthermore, since the tail rotor flapping frequency is
much higher than that of the main rotor system, the tip-
path-plane dynamics are neglected. Thus, the first and
second derivatives of the blade flapping non-rotating
coordinates are set equal to zero in the force equations.
The result is a set of basic quasi-static force
expressions similar to those in classical work. The
local flow at the tail rotor includes the effect of
downwash from the main rotor system (Talbot et al.,
1982).

SHIP AIRWAKE CFD MODELING

The primary objective of this simulation development
has been to model the unsteady flow field using CFD



Interservice/Industry Training, Simulation, and Education Conference (I/ITSEC) 2007

that permits efficient calculation of the ship airwake
database inputs. As discussed previously, CFD
methods are finding widespread application in
modeling the unsteady flow field for complex
aerospace systems, and in particular, for ship airwake
applications. Fundamentally, the spatially- and time-
varying flow field within the ship airwake is
determined by the shedding and transport of vortical
structures from the ship hull, flight deck, and
superstructure. These structures convect downstream
and may introduce potentially adverse interactions with
operating aircraft.

Several factors must be considered in the application of
conventional volumetric CFD methods to the analysis
of this unsteady flow field. First, results are sensitive
to the computational mesh, and conventional CFD
methods require fine meshes to predict the flow
structures of interest and to minimize the numerical
diffusion of vorticity. Resolving the vortical structures
in the ship airwake several ship lengths downstream
would require large CFD meshes using conventional
methods and would incur enormous data management
and CPU requirements. Second, the generation of the
computational grid for conventional CFD methods is
non-trivial, typically requiring a very high resolution
volumetric mesh near the ship hull and superstructure.
Conventional boundary conforming meshes require
considerable user-intervention, and while unstructured
(tetrahedral) meshes are more amenable to automation,
the time required to generate the mesh is lengthier.
Poor quality cells (e.g., slivers) are invariably present
in a complex geometry mesh and usually must be fixed
before embarking on the fluid computation.

The approach used here combines two analyses that are
complementary and address the considerations
described above. The CFD methodology that is used
for the development of the ship airwake database is a
hybrid method that solves the inviscid (Euler) flow
equations while preserving the vorticity transport
processes in the ship airwake, which is critical for
capturing turbulent velocity fluctuations in the
unsteady flow field.  This hybrid methodology
combines a novel, vorticity transport formulation
(VorTran-M) with a hierarchical, Cartesian grid Euler
solver (CGE). A brief description of the combined
methodology is provided below.

CFD Methodology Description
The CFD methodology used for the ship airwake
database is derived from prior research and

development work. The first analysis, the CGE model
(McKillip et al., 2002), determines the unsteady flow
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field by solving the compressible (3D) Euler equations'
upon a Cartesian grid structure consisting of a
hierarchical collection of nested cube-shaped cells (an
octree). A central element in the Cartesian grid
concept is reliance upon intersection methods to
generate the cell volumes and areas at the surfaces
rather than attempting to align the mesh with the
complex surfaces. Once a surface (ship) geometry
definition is provided, the subsequent grid generation
and flow computation can proceed autonomously since
the Cartesian mesh does not need to be boundary
conforming.  Furthermore, flow separation points,
which initialize the propagation of the large-scale flow
structures in the ship airwake, do not need to be
explicitly specified since the preset computational
scheme ensures that Kutta conditions are implicitly
enforced at sharp corners and edges. Thus, the critical
flow features of the ship airwake, which are dominated
by bluff body separation and vortex shedding, can be
captured by an inviscid Euler formulation, and
enormous reductions in CPU time can be gained over
alternative CFD approaches (e.g., Reynolds-averaged
Navier-Stokes or RANS solvers).

The VorTran-M methodology is a specialized time
accurate CFD solver that accurately models unsteady
vorticity  transport  processes  (i.e., evolution,
coalescence, and rupture of vortical structures in the
flow field) using an inviscid vorticity-velocity
formulation of the Navier-Stokes equations (Brown,
2000; Whitehouse et al., 2007). This approach has
demonstrated good conservation of the strength and
structure of wakes and addresses limitations in
traditional Eulerian-based primitive variable (PV) (i.e.,
velocity and pressure) CFD methods by controlling
numerical diffusion using a carefully constructed flux
formula and selecting an appropriate flux limiter. To
solve for the vorticity evolution, and hence, flow field,
it is necessary to initialize the vorticity at grid locations
with a distribution provided by traditional CFD flow
field solvers and/or other methods. Thus, the CGE and
VorTran-M models are complementary and provide a
hybrid CFD approach, where the CGE model provides
the near field solution and the VorTran-M model
provides the far wake evolution and velocity field
prediction.

This hybrid methodology provides a low-dissipation,
first-principles methodology for application to wake-

" While primarily intended to solve compressible
flows, the CGE analysis has also been shown to behave
well for low speed flows with Mach number less than
0.1, so can be readily applied to ship airwake
calculations.
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dominated flow field predictions that capture and
sustain strong vortical structures over time and length
scales of interest. Furthermore, the procedure for
generation of the computational mesh around the
complex ship geometries can be automated with
essentially no user involvement required.

An additional comment on the use of inviscid CFD
methods is required. A critical observation in the
development of the ship airwake database is that
viscous flow effects are significant only in localized
regions near to the ship surface. Outside this boundary
layer region, small-scale flow features, for which full,
viscous Navier-Stokes solvers would be required, do
not induce aerodynamic forces on the helicopter that
are relevant to piloted flight simulation applications.
The aerodynamic forces resulting from these small-
scale flow features are effectively filtered by the flight
dynamic response of the helicopter. The CFD
methodology used here is inviscid and strikes the
correct balance between completeness in physical
modeling with the computational effort to produce
flow field solutions. The primary flow features in the
ship airwake are controlled by inviscid processes
(unsteady vortex wake propagation) and flow
separation from sharp edges is recovered indirectly by
enforcement of the Kutta condition in the solution
methodology. While viscous effects, such as boundary
layer separation and reattachment, may be significant
in a limited class of interactions, the advantages of this
methodology to provide robust, efficient solutions out-
weigh the significant computational overhead of a
“brute force” approach using conventional, volumetric
viscous flow solvers on highly refined meshes.

CFD Input and Computational Parameters

The primary input to the CFD methodology is the
surface geometry representation for the ship and
landing platforms. The ship airwake database will be
formulated to include several ships and landing
platforms that comprise the range for helicopter
operations. Surface geometry descriptions are
provided from the geometries used in the simulation
visual database 3D models, which are specified in
OpenFlight™  format. Representative  surface
geometries are shown in Figure 1 for LHA- and DDG-
class ships.

Note that geometries used for visualization are
generally not well suited for CFD analysis, since
visualization geometries tend to have higher geometric
detail (i.e., smaller polygons) and are generally not
watertight (i.e., the surface mesh includes small gaps
and overlapping panels). The geometries used for
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CFD analysis (illustrated in Figure 1) correspond to the
lowest level of detail (LOD) for far distant
visualization.  To address watertightness of the
corresponding visualization geometries, an extension
to the computational mesh generation algorithm within
the CGE model was developed and implemented. In
addition, the ability to model the sea surface was also
incorporated into the CGE/VorTran-M CFD
methodology.

Figure 1. Representative Ship Surface Geometry
Inputs for CFD Analysis

Results from the CFD analysis are provided as velocity
components referenced to a ship-fixed coordinate
system. The velocity components can be separated
into steady and time-varying components, where the
steady components represent the time-averaged flow
field containing only spatial variations (gradients).
Representation of the unsteady velocity components
will be discussed in a subsequent section of this paper.
CFD results are tabulated as a function of ship-
referenced position and the wind over deck (WOD)
angle suitable for interpolation for integration with the
flight simulation.

Note that the unsteady flow field due to the ship
airwake depends on the WOD velocity magnitude, but
it is not necessary to explicitly include the WOD
velocity in the tabulated results from the CFD analysis.
It can be shown that for inviscid analysis of the ship
airwake, numerical results scale with the WOD
velocity (i.e., the computed velocity components and
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time can be non-dimensionalized by the WOD
velocity). This observation permits flow field
calculations to be performed for a single WOD
velocity condition and to scale these results to a user-
specified velocity in the simulation. This result has
been verified by performing calculations for two
different WOD velocities (same WOD angle), as
illustrated in Figure 2. In this result, the instantaneous
flow field, normalized by the free stream velocity, is
shown for the LHA-class ship as contours in a plane
aligned with the ship axis but offset to the starboard of
the ship centerline by approximately 5 meters. The
normalized velocity contours are nearly identical (very
minor differences can be observed near the bow and
behind the island masts), confirming this result. Note
that this result has also been confirmed by independent
analysis using a viscous flow Navier-Stokes model
(Polsky, 2002).
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Figure 2. Comparison of Instantaneous Normalized

Flow Field for Two WOD Velocity Conditions
CFD Results and Methodology Validation

Calculations, using the geometries shown in Figure 1,
have been performed using the hybrid CGE/VorTran-
M methodology to validate its application to
formulating the ship airwake database. Validation
calculations have been performed to permit correlation
of the CFD results against experimental data, including
subscale wind tunnel data and at-sea measurements.
Validation of the CFD methodology has primarily
focused on the LHA-class ship configuration.

Results from the CFD methodology have been
compared against unpublished wind tunnel data made
available by U.S. Navy personnel (Long, 2001). The
wind tunnel data were obtained from a 1/120™ scale
test program performed at NASA Ames Research
Center. Time-averaged measurements of the flow field
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were made using a seven-hole pressure probe,
providing flow surveys for three components of the
local flow velocity. Flow surveys were made at
measurement locations aligned with several landing
spots (see Figure 3) for different WOD directions. The
wind tunnel velocity was 170 ft/sec, and measured
velocity components were normalized based on the
wind tunnel velocity. Note that the CFD calculations
have been performed using the geometry shown in
Figure 1, which differs from the wind tunnel geometry.

Figure 3. Measurement Locations for CFD
Methodology Validation Calculations

Figures 4 and 5 illustrate the comparison between
experimental data and CFD for a 20° WOD condition
at two measurement locations. Correlation is shown
for the vertical velocity component (approximately
normal to the rotor tip path plane for typical flight
operations) since this velocity component will directly
affect the rotor inflow and thrust/moment generation.
Comparisons have also been made with the in-plane
velocity components with reasonable results. The
measured flow field indicates the presence of a shed
vortical structure near the starboard side of the flight
deck at the Spot 4 location (Figure 4), which is
captured qualitatively in the CFD prediction. Good
comparison is also seen in the magnitude of the upflow
and downflow around the flight deck. Near Spot 8
(Figure 5), the flow field is characterized by a large
region of swirling flow, which is well predicted in
magnitude and location by the CGE/VorTran-M
methodology.

In general, correlation of the CFD methodology with
1/120"™ scale wind tunnel measurements demonstrates
good qualitative and quantitative comparison. Better
correlation is seen at locations behind the island where
the flow field is characterized by bluff body separation
and vortex shedding. Near the forward landing spots,
where the velocity field is governed by the separation
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Figure 4. Comparison of Normalized Vertical
Velocity for 1/120™ Scale LHA Wind Tunnel Data
and CFD Prediction, Spot 4, 20° WOD Condition

and reattachment of the flow near the flight deck
leading edge, the CFD methodology has been found to
overpredict the velocity deficit. This result is not
surprising given that the flow field in this region is
more sensitive to localized viscous effects that are
neglected in the analysis. Recent CFD results using
Navier-Stokes analysis (Polsky, 2007) have also
indicated a sensitivity of the flow field in this region to
the atmospheric boundary layer, which is not modeled
in this study.

The CFD methodology has also been validated using
at-sea velocity measurements obtained as part of the
JSHIP program (Polsky and Bruner, 2000, Polsky,
2002). This experimental database includes
measurements of the three velocity components using
anemometers located 20-feet above the flight deck of
an LHA at several locations. The unsteady flow field
was sampled at a single point, and data from four
three-axis anemometers were recorded simultaneously,
permitting  correlation  with  unsteady velocity
predictions for the CFD methodology.
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Figure 5. Comparison of Normalized Vertical
Velocity for 1/120" Scale LHA Wind Tunnel Data
and CFD Prediction, Spot 8, 20° WOD Condition

Predictions of the unsteady flow field were performed
using the CGE/VorTran-M methodology by initially
converging the CGE model to a steady-state condition.
Time-accurate calculations were then performed for a
finite simulation time. For validation calculations
presented here, the WOD velocity was 30 m/s, and
calculations were performed for 30 seconds of
simulated time. During the initial part of the CFD
simulation, the VorTran-M airwake was evolving, and
quasi-steady state conditions were achieved after
approximately 10 seconds. Analysis of the predicted
unsteady flow field was performed using CFD data
between 10 and 30 seconds.

Comparison of the vertical velocity autospectra for the
predicted and measured time histories is shown in
Figure 6 for a measurement location above Spot 5.
The measured and predicted velocity components are
normalized by the WOD velocity, and the frequency
axis is normalized by the velocity and ship beam width
to account for differences in the WOD (free stream
velocity) conditions. Good agreement can be seen in
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Figure 6. Comparison of the Predicted and
Measured Vertical Velocity 20-feet for LHA-class
Ship above Spot 5

the low frequency range, but the predicted spectrum is
observed to roll-off faster than the data, which is
similar to previous ship airwake flow simulations (Lee
et al., 2005) and is believed to be a result of neglecting
viscous effects. Free-air atmospheric turbulence, which
is present in the at sea measurements, but neglected in
the CFD simulations, may also contribute to this
discrepancy. Correction for this discrepancy is possible
by including an additional disturbance generated by
filtering random noise through an empirically-
determined band-pass filter, indicated by the correction
shown in Figure 6. It is anticipated that this high-
frequency disturbance correction should have minimal
impact on the helicopter response.

Analysis of the predicted and measured time histories
have been performed to determine the fundamental
characteristic shedding frequency. Examination of the
autospectra for the measured velocity components from
at-sea testing (Figure 7) indicates that the characteristic
frequency is between 0.08 and 0.1 Hz for the WOD
condition of 25 knots and 20 degrees. This frequency
corresponds to a Strouhal number between 0.23 and
0.28 based on a characteristic length of 120 feet, which
is the approximate beam width of the LHA. Estimation
of the predicted shedding frequency from the velocity
fluctuations shown in Figure 8 and scaling this
frequency by the ratio of the free stream velocities from
the at-sea data and computed results, the predicted and
measured characteristic frequencies can be compared,
as shown in Table 1. The agreement of the measured
and predicted (scaled) frequencies is good, indicating
that the CGE/VorTran-M methodology is able to
predict this fundamental shedding frequency behavior,
which will be more significant to the helicopter flight
dynamics response.
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Figure 8. Predicted Normalized Velocity
Component at Several Locations for LHA
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Table 1. Comparison of Fundamental Shedding
Frequency for LHA-class Ship

Shedding Frequency in Hz
Measured CFD Scaled CFD
estimated
Spot 7 0.1 0.19 0.08
Spot 8 0.08 0.13 0.06

AERODYNAMIC MODEL CFD INTEGRATION

Evaluation points are provided to the CFD airwake
database in ship coordinates corresponding to the
fuselage center of pressure, the tail rotor hub, and five
points on the rotor disk.

The evaluation points for the fuselage and the tail rotor
hub are then transformed from the body coordinate
system to the ship coordinate system using the
following coordinate transformation:

Xship = [R ]S'i [R ]i’b Xbody

@)

where X ,. is the evaluation point in ship coordinates,

ship
f(body is the evaluation point in body coordinates,

[R]” is the rotation matrix from body to inertial

coordinate system, and [R]"" is the rotation matrix
from inertial to ship coordinate system. The steady and
unsteady ship airwake velocity components at each
evaluation point are summed in the ship coordinate
system and then resolved in the aircraft body
coordinate system. The airwake velocity components
in body coordinate system are obtained by the
following transformation:

I7body = [R]b’i [R][YS I7ship (4)

where V,,,, and 7, are the airwake velocity

components in the body and ship coordinate system

respectively. [R]*and [R]" are the rotation matrices
from ship to inertial coordinate system and from inertial
to body coordinate system respectively. The airwake
velocity components are added in the fuselage, vertical
tail, and horizontal tail dynamic pressure calculation
and to the tail rotor inflow calculation.

hip
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To integrate the ship airwake disturbance into the
ARMCORP rotor disk model the ship airwake velocity
perturbation is evaluated at five points over the rotor
disk plane, corresponding to the rotor hub center and
the 75% radius at the 0, 90, 180, and 270-degree
azimuth locations. The main rotor evaluation points are
transformed from disk-path plane coordinate system to
ship coordinate system as follow:

Ko =R [RIIRP BT K

where X, is the location of the rotor evaluation point

in tip-path-plane coordinate system, [R]" is the
rotation matrix from rotor hub coordinate system to

body coordinate system, and [R]"“ is the rotation

matrix from tip-path-plane to rotor hub coordinate
system.

The velocity perturbations at these five locations are
used to determine an equivalent rotor inflow
perturbation v, (r,,) in terms of the uniform and

harmonic inflow components. The average of all five
rotor evaluation points vyield the uniform inflow
perturbation v, and the fore-aft and side-to-side

gradients are used to determine the harmonic inflow
perturbations v, and v The inflow perturbations

s,sh*
are included directly into the main rotor dynamic
inflow calculation (equation 2).

DATABASE IMPLEMENTATION ISSUES

The  CGE/VorTran-M methodology  provides
predictions of the unsteady flow field at locations
relative to the ship for a finite time period. This time
period is limited by computational and data storage
requirements. Similarly, storage requirements for the
ship airwake database files must also be considered to
avoid using all available resources for the ship airwake
look-up tables or to require implementation of a
memory paging schemes. To this end, an approach to
representing the unsteady velocity components with a
minimal parameter set has been examined to reduce
storage/memory requirements. This approach uses a
stochastic representation of the unsteady velocity
components and a data reconstruction algorithm that
preserves the spatial correlation relationships due to the
vortex structures in the ship airwake. A similar
approach to the representation of (spatially-correlated)
atmospheric ~ disturbances has been previously
developed at NASA Ames Research Center
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(McFarland, 1997). More recently, stochastic modeling
approaches have been examined for application to
helicopter shipboard operations (Gaonkar, 2007; Xin
and He, 2007).

The approach used to reconstruct the time histories in
the ship airwake database is given as follow. First,
CFD computations produce time histories for the flow
field velocity components at each output grid point.
The mean value at a given location is determined and
subtracted from the time histories, resulting in a
turbulent fluctuation time history. Next, time histories
for the turbulent fluctuation velocity components are
used to determine an equivalent spectral filter. Finally,
spatial correlation effects are represented by correlation
coefficients that are determined from turbulent
fluctuation time histories between neighboring spatial
locations.  Correlation coefficients are non-zero in
general since the velocity at neighboring locations will
be related due to the shed vortical structures in the
wake.

The above velocity reconstruction approach leverages
the observation that the predicted (and measured)
velocity spectra do not vary significantly over a range
of spatial locations relative to the ship (see Figure 9,
where AR is distance downrange from Spot 7 in
meters). Therefore, it is not necessary to store the
complete spectra or time histories at each output grid
point to retain the physically-observed frequency
content in the unsteady flow field. Ideally, the filter
structure and coefficients are relatively insensitive to
position in the airwake, although multiple filters can be
used as needed to account for the slow evolution of the
airwake structure (i.e., to an observer moving with the
airwake at the speed and direction of the relative wind).
A comparison of the original and reconstructed time
histories at two representative measurement locations is
shown in Figure 10. These locations differ spatially by
approximately one H-60 rotor radius, and examination
of Figure 10 indicates that spatial correlations are also
qualitatively captured in the reconstructed data.

CONCLUDING REMARKS

At the time of writing, the initial training device to
receive this solution has completed detailed design,
including technical review of the described CFD
airwake solution.  The program is entering the
implementation and integration phase, during which the
CFD database loading and infrastructure software will
be developed and the real-time flight dynamics
software will be modified to incorporate the CFD ship
airwake effects into the flight model. Navy preliminary
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Figure 10. Comparison of Original CFD Results
and Reconstructed Time Histories at Two Locations
for LHA near Spot 7

evaluation of the resulting flight performance is soon to
follow, along with corresponding tuning activities. In
parallel and off-line, approximately 15 landing platform
CFD airwake databases will be generated using the
CFD methodology described above.

Areas of further research include methods for handling
dynamically changing wind over deck angles, effects
due to sea state, and addition of unique discrete flow
generators (e.g. exhaust vent thrust). In addition, it is
also of interest to tailor the methodology for use with
ship-based fixed-wing and VSTOL aircraft.
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