The Pennsylvania State University
The Graduate School
College of Engineering

TOWARDS REAL-TIME PILOT-IN-THE-LOOP SIMULATION OF
ROTORCRAFT WITH FULLY-COUPLED CFD SOLUTIONS OF
ROTOR / TERRAIN INTERACTIONS

A Dissertation in
Aerospace Engineering
by
Ilker Oruc

© 2017 Ilker Oruc

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

December 2017

The dissertation of Ilker Oruc was reviewed and approved∗ by the following:

Joseph F. Horn
Professor of Aerospace Engineering
Dissertation Advisor, Chair of Committee

Sven Schmitz
Associate Professor of Aerospace Engineering

Edward C. Smith
Professor of Aerospace Engineering

Savas Yavuzkurt
Professor of Mechanical Engineering

Amy R. Pritchett
Professor of Aerospace Engineering
Department Head

∗

Signatures are on file in the Graduate School.
ii

Abstract

This thesis presents the development of computationally efficient coupling of NavierStokes CFD with a helicopter flight dynamics model, with the ultimate goal of
real-time simulation of fully coupled aerodynamic interactions between rotor flow
and the surrounding terrain. A particular focus of the research is on coupled
airwake effects in the helicopter / ship dynamic interface.
A computationally efficient coupling interface was developed between the helicopter flight dynamics model, GENHEL-PSU and the Navier-Stokes solvers,
CRUNCH/CRAFT-CFD using both FORTRAN and C/C++ programming languages. In order to achieve real-time execution speeds, the main rotor was modeled
with a simplified actuator disk using unsteady momentum sources, instead of resolving the full blade geometry in the CFD. All the airframe components, including
the fuselage are represented by single aerodynamic control points in the CFD
calculations. The rotor downwash influence on the fuselage and empennage are
calculated by using the CFD predicted local flow velocities at these aerodynamic
control points defined on the helicopter airframe. In the coupled simulations, the
flight dynamics model is free to move within a computational domain, where the
main rotor forces are translated into source terms in the momentum equations of
the Navier-Stokes equations. Simultaneously, the CFD calculates induced velocities

iii

those are fed back to the simulation and affect the aerodynamic loads in the flight
dynamics. The CFD solver models the inflow, ground effect, and interactional
aerodynamics in the flight dynamics simulation, and these calculations can be
coupled with solution of the external flow (e.g. ship airwake effects).
The developed framework was utilized for various investigations of hovering,
forward flight and helicopter/terrain interaction simulations including standard
ground effect, partial ground effect, sloped terrain, and acceleration in ground
effect; and results compared with different flight and experimental data. In near
ground cases, the fully-coupled flight dynamics and CFD simulations predicted
roll oscillations due to interactions of the rotor downwash, ground plane, and the
feedback controller, which are not predicted by the conventional simulation models.
Fully coupled simulations of a helicopter accelerating near ground predicted flow
formations similar to the recirculation and ground vortex flow regimes observed
in experiments. The predictions of hover power reductions due to ground effect
compared well to a recent experimental data and the results showed 22% power
reduction for a hover flight z/R=0.55 above ground level. Fully coupled simulations
performed for a helicopter hovering over and approaching to a ship flight deck
and results compared with the standalone GENHEL-PSU simulations without ship
airwake and one-way coupled simulations. The fully-coupled simulations showed
higher pilot workload compared to the other two cases.
In order to increase the execution speeds of the CFD calculations, several
improvements were made on the CFD solver. First, the initial coupling approach
File I/O was replaced with a more efficient method called Multiple Program Multiple
Data MPI framework, where the two executables communicate with each other
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by MPI calls. Next, the unstructured solver (CRUNCH CFD), which is 2nd -order
accurate in space, was replaced with the faster running structured solver (CRAFT
CFD) that is 5th -order accurate in space. Other improvements including a more
efficient k-d tree search algorithm and the bounding of the source term search space
within a small region of the grid surrounding the rotor were made on the CFD solver.
The final improvement was to parallelize the search task with the CFD solver tasks
within the solver. To quantify the speed-up of the improvements to the coupling
interface described above, a study was performed to demonstrate the speedup
achieved from each of the interface improvements. The improvements made on the
CFD solver showed more than 40 times speedup from the baseline file I/O and
unstructured solver CRUNCH CFD. Using a structured CFD solver with 5th-order
spacial accuracy provided the largest reductions in execution times. Disregarding
the solver numeric, the total speedup of all of the interface improvements including
the MPMD rotor point exchange, k-d tree search algorithm, bounded search space,
and paralleled search task, was approximately 231%, more than a factor of 2. All
these improvements provided the necessary speedup for approach real-time CFD.
For the Pilot-in-the-loop flight dynamics and CFD simulations, a simplified
backward facing step was chosen. A study was performed to quantify the grid
sensitivity of the helicopter dynamic response and results showed that at least 2 ft
grid resolution will be required in the airwake of the ship to capture general coupled
airwake effects on the approach. Finally, a network configuration was introduced
for the Pilot-in-the-loop CFD simulations and the Pilot-in-the-loop CFD simulation
framework was implemented and tested in the PSU Flight Simulation lab bringing
coupled CFD into a realistic flight simulation environment. A near-real-time (3x

v

slower than real-time) Pilot-in-the-loop CFD simulation for a simple wake shedding
case was demonstrated with 0.38 million structured grid cells running on 352
processors and results are presented.
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Chapter 1 |
Introduction

1.1 Background
Rotorcraft regularly operate close to the terrain and near large physical objects.
This can include flat and sloped terrain, buildings, urban canyons, ships and landing
platforms. During these operations, helicopter rotor systems generate significant
flow velocities that interact with the terrain and the helicopter airframe itself.
These interactions can appear in a variety of forms, as positive or negative changes
in performance, and as steady and unsteady disturbances on the airframe. In
some cases, these interactions can be crucial for the safety of the operation and
change both the performance and the helicopter handling qualities of the rotorcraft.
Landing on a ship flight deck is a prime example, as it requires flying over partial
ship flight deck, flying very close to the ship hangar wall, and operating over a
moving flight deck. During such operations, the aircraft will experience a variety
of aerodynamic interactions with the surrounding “terrain” (in this case a ship).
Figure 1.1 shows the effect of hovering near both in and out of ground effect [1]
and the recirculation of the wake when a helicopter hovers near a vertical wall.
Both recirculation and ground effect can occur in ship operations, and the degree
to which each effect is present depends on the position of the rotor relative to the
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ship superstructure, the area of the hangar face, and the relative angle of the ship
deck surface, as well as the area of the ship flight deck [2].

Figure 1.1: Wake from a helicopter rotor: a) out of ground effect (OGE), b) in
ground effect(IGE), c) recirculation near wall.
Appropriate modeling of the rotor inflow (the flow induced in the plane of
the rotor that affects the rotor blade airloads) is a critical aspect of rotorcraft
modeling and simulation. Well known methods with various levels of fidelity are
regularly used in rotorcraft modeling and simulation, such as low-fidelity finite-state
inflow models, medium-fidelity free-vortex methods or high-fidelity Navier Stokes
solutions. Rotorcraft simulations must also capture the aerodynamic interactions
that occur as the main rotor wake influences the flow about the airframe. This
would include downloads and moments on the fuselage and empennage, but might
also include more complex interactions that are a function of many variables (e.g.
rotor-tail rotor interactions). In many cases, these aerodynamic interactions are
favorable, but in some flight conditions the interactions may be harmful. Loss of
tail rotor effectiveness (LTE) is a prime example, as it has been determined to be a
contributing factor in a number of accidents in various models of U.S. military and
civil helicopters [3]. Federal Aviation Administration (FAA) defines [3] the LTE as
a critical, low-speed aerodynamic and flight characteristics which can result in an
uncommanded rapid yaw rate which does not subside of its own accord and, if not
corrected can result in the loss of aircraft control. LTE may occur in any maneuver
which requires the pilot to operate in a high power, low-speed environment with
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a left crosswind or tailwind. Extensive flight and wind tunnel tests have been
conducted by aircraft manufactures and tests have identified the relative wind
azimuth regions as seen in Fig. 1.2. Although specific wind azimuths are identified
for each region, it was noted [3] that the pilot should be aware that the azimuths
shift depending on the ambient conditions. This is a unique example shows the
importance of appropriate modeling of the rotor inflow and its interactions with the
helicopter itself. Even though, low-fidelity inflow methods are regularly used in the
rotorcraft modeling and simulation, these methods might not capture these highly
complex interactions. High-fidelity modeling and simulations of these interactions
is crucial for pilot training and will help to develop safer flight envelopes and better
predictions of the helicopter handling qualities.

Figure 1.2: Main rotor disk vortex interference [3].
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1.1.1 Helicopter/Ship Airwake Interactions
A particular focus of this research is the shipboard operations. Navy defines the
shipboards operations as “the missions which require deck landing and support
operations performed from a ship". Shipboard operations - also referred to as the
Dynamic Interface (DI) problem [4] - are known to be one of the most challenging flight tasks for rotorcraft pilots. During such an operations, pilots frequently
encounter numerous challenges such as poor visibility, limited landing area, ship
motion (Figure 1.3), wind-over-deck and ship airwake turbulence. Especially, when
the aircraft flies in the near vicinity of the superstructure of the ship, the pilot
workload increases seriously. The aircraft will experience a variety of interactions
with both the ship airwake and surrounding obstacles. The aerodynamic interactions between rotorcraft/ship airwake highly impacts the handling qualities and
performance of the aircraft.

Figure 1.3: Restricted landing area and ship motion are the major challenges of
shipboard operations [5].
The operational limits from a particular landing spot are partly defined by
relative wind-over-deck, and in some incidents, aerodynamic interactions between
ship airwakes and rotorcraft have resulted in hazardous upset; the V-22 “roll-ondeck” event [6] is a prime example. During shipboard compatibility sea trials
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conducted in 1999, on two occasions V-22 aircraft experienced an un-commanded
roll in response on deck due to a CH-46 landing two-to-three spots upwind of
the V-22 (Fig. 1.4). This case classified as a deficiency requiring correction
prior to operational deployment. Moreover, lateral instability resulting in Pilot
Induced Oscilations (PIO) was experienced during sea trials. Complex ship airwake
characteristics determined to be factors in both incidents [6]. Over 100 hours of
wind tunnel tests conducted at NASA Ames wind tunnel and high and moderate
fidelity CFD analysis were perfomed to resolve the issue. A similar airwake related
issue also seen on a British Auxilary Oiler Replenishment (AOR) ship [5], which
was designed and built with two landing spots and hangar to accommodate two
helicopters. However, DI testing revealed that forward landing area was unusable
for flight operations due to turbulent airflow.

Figure 1.4: V-22 aircraft experienced two uncommanded roll in response on deck
due to an upwind aircraft [6].
These two examples can be classified as a DI problem. Investigation of DI
problem requires extensive flight trials, wind tunnel tests and development of
modeling and simulation tools. The U.S. Navy devotes considerable resources
towards pilot training and qualification testing of the helicopter/ship DI. The cost
of these tests can be reduced through the use of advanced simulations that help
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train pilots, identify potential hazards, and aid in the design and evaluation of new
systems.
The simulation of DI problem has been studied by many researchers. The
airwake model represents one of the most complex components of a DI simulation.
Simulations with high-fidelity airwake modeling require significant computational
resources and time. Simplifications of the airwake physics model are required to
provide practical design tools and real-time training simulators. Real-time or fast
simulations of helicopter/ship DI will help to develop better tools for predicting
handling qualities and safer flight envelopes for shipboard operations.
For real-time simulations, much of the aerodynamic related information for
both the aircraft and the environment are typically incorporated using look-up
tables. Several methods have been developed to model the rotor inflow, examples
of which can be found in [7]. Basic methods for capturing ground effect are
also commonly used [8]; these typically involve a modification of the average
induced inflow at the main rotor in order to capture the reduced power and
collective pitch required when hovering in the In-Ground-Effect (IGE) “cushion”, as
summarized in [9]. Extensions to finite-state inflow have been developed to account
for ground effect, including partial ground effect and sloped surfaces [10, 11]. Free
wake solutions can also account for helicopter/terrain [12] simulations and other
vortex particle methods have also been used [13]. Interactions with more complex
objects, such as Navy ships have been investigated using a variety of methods
involving Computational Fluid Dynamics (CFD) [14], vortex wake modeling [15],
and finite-state inflow models [16]. When the CFD is used, the flow over the ship
topology is typcially calculated without the presence of the helicopter rotors [17–19].
The flow velocities from the turbulent ship airwake are then re-played into the
aircraft aerodynamic model via look-up tables, assuming simple superposition of
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the airwake flow and induced flow from the rotor (which is calculated by standard
inflow models commonly used in flight simulation). This approach, the so-called
“one-way coupled” solution (Figure 1.5), allows the ship flow field to be solved
off-line assuming that it is decoupled from the aircraft aerodynamics. One-way
coupled approach has provided qualitatively reasonable airwake models, based on
pilot comments [20–22]. However, when an aircraft is flying very close to another
body (i.e. a ship superstructure), superposition limits the fidelity of the simulation
since recirculation effects are ignored. Experimental studies [23, 24] have shown
that recirculation effects near the hangar result in substantially different flow fields
and differences in ground effects. The main rotor of the helicopter distorts the flow
around the ship possibly resulting in significant changes in the airwake disturbances
on the helicopter. This aerodynamic coupling can significantly impact the handling
qualities and performance of the helicopter. In such cases, it is desirable to perform
simultaneous calculations of both the flow over the ship and the aircraft equations
of motion in order to achieve a high level of fidelity. While efficient free-wake
methods and finite-state inflow methods have been shown to capture a variety of
helicopter/terrain interactions, Navier-Stokes CFD offers the most general solution
to model complex geometries including viscous effects. The use of CFD comes with
higher computational cost. It has been used to predict the fully-coupled flow field
but innovative approaches and tools are needed for real-time execution speeds.

Figure 1.5: A representation of one-way coupled and fully-coupled simulation [5].
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This thesis will explore numerical and computer hardware approaches to develop
a computationally efficient coupling of Navier Stokes CFD with a helicopter flight
dynamics model, with the ultimate goal of real-time simulation of fully coupled
aerodynamic interactions between rotor flow and the surrounding terrain. A particular focus of the research is on coupled airwake effects in the helicopter / ship
dynamic interface. Real-time execution is primarily limited by solution of the
Navier-Stokes equations, which are not generally well suited for fast execution. It is
recognized that real-time CFD will require extensive development in computational
software and hardware: use of massively parallel processing, tailored grid generation, improved grid search algorithms, simplified rotor modeling, more efficient
data exchange techniques that will be considered in this study. The successful
achievement of real-time execution speeds of CFD airwake simulations of this scale
will enable higher-fidelity flight simulations while also allowing pilot-in-the-loop
simulation.

1.2 Literature Review
Extensive experimental and numerical studies have been performed to investigate
the dynamic interface problem. This literature review provides a summary of
experimental studies including wind-tunnel measurements of the ship airwake and
interactions between obstacles and rotor wakes; numerical studies including characterization of ship airwakes using different numerical methods, integration of the
results into flight simulation, simultaneous Ship/Helicopter CFD simulations and
efforts to couple CFD, flight dynamics, and pilot models to capture their interactional effects, and other studies including real-time simulations of helicopter/ship
dynamic interface.
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1.2.1 Unsteady Ship Airwake
The need to better characterize the shipboard operating environment has motivated
an international collaborative effort [1], from which a generic ship model known as
“simple frigate shape” (SFS) has been extensively studied.

Figure 1.6: Geometries for the SFS1 and SFS2 configurations [25].
Ceheny and Zan [26] [27], studied the mean surface flow topology on a 1:60
scale model of the SFS using oil and pressure tappings through a range of wind
angles. The complex flow field inherent in such flow, focusing primarily on the
flight deck region was described in the paper. Results showed that the flow field is
dominated by vortices, flow separation, and re-attachment and recirculation zones
(Figure 1.7).
Later, a new version of this generic model, known as the “simple frigate shape 2”
(SFS2), introduced a more realistic, streamlined bow geometry (Figure 1.6), which
was developed by the Technical Cooperation Program [26] to allow standardized
study of topside aerodynamics.
Several wind-tunnel tests [6, 30–35] have been performed to investigate both the
flow characteristics of SFS/SFS2 models and the interactions between obstacles
and rotor wakes.
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Figure 1.7: Flow topology [28] and recirculation zone [29] for bow winds.
Rosenfeld [36] studied three different SFS2 topside geometries to investigate
impacts of Reynolds number, blockage, and wall effects on wind loads and airwake
in an 8-by-10-foot wind tunnel (Figure 1.8). Results showed that measured wind
loads show significant sensitivity to blockage effects. For the SFS2 topside in beam
winds, it was shown that a blockage ratio of 10% causes apparent increases in
wind loads by 28%. A ship model with a length no more than two-thirds of the
tunnel width and a solid blockage ratio of 5% was suggested to ensure correctable
blockage effects and to avoid wall effects for wind loads and air wake experiments.
In addition, Reynolds numbers of 5x106 or greater were recommended to avoid
scale effects on wind loads.

Figure 1.8: Rosenfeld used three different SFS2 topside model to investigate scaling
effects on wind tunnel data [36].
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Zan [37] measured the time averaged rotor thrust coefficients for a rotor immersed
in a ship airwake of a Canadian Patrol Frigate (CPF). Results showed that the
ship airwake arises a significant reduction on the rotor inflow, thus reduces the
rotor thrust. It was shown that ship airwake can result in 10% to 15% decrease
in available rotor thrust. Later, Lee and Zan [38, 39] extended their studies to
measure the unsteady aerodynamic loading on a Sea King Fuselage w/ and w/o a
rotor immersed in the turbulent airwake of a Canadian Patrol Frigate (CPF). The
unsteady side/drag force and yaw moment was measured over a full-scale frequency
bandwidth of 0.2 to 2 Hz for a range of wind speeds, wind directions and hover
positions. Results showed that, the majority of the spectral energy of airwake was
found below 0.5 Hz and the unsteady loading on the fuselage was found to increase
with non-zero wind direction and to change proportionally with the square of the
wind speed. It was found that the presence of the rotor increases the unsteadiness
of the loading on the fuselage.
Doane and Landman [40] investigated the interaction between ship airwake
and helicopter rotor downwash in a wind-tunnel environment. Results showed
that significant aerodynamic coupling happens below a certain rotor-over-deck
height if Z/D=1.2 for an advance ratio of 0.0075 and zero wind-over deck angle,
where Z is the altitude above ground level and D is the main rotor diameter. The
rotor-over-deck limit of Z/D=1.2 was offered as a guide for computational fluid
dynamics studies. .
Quon et al. [41] studied the simple frigate shape geometry (SFS2) in free-air and
wind tunnel environments for both head wind and yawed flow configurations. An
unsteady Reynolds-Averaged Navier-Stokes (URANS) solver and an URANS/Vorticity Transport hybrid computational methodology have been used to capture the
bluff body wake characteristics and numerical results compared with two different
12

SFS2 experimental data sets. Overall good agreement between the hybrid and
traditional URANS approaches was observed, and complex wake interactions were
captured by the computational methodologies. The URANS/Vorticity Transport
hybrid computational method provided a cost reduction of nearly 50% in terms
of computational mesh size and 38% reduction in time, compared to traditional
URANS approach.
Several numerical studies have been performed to investigate the characterization
of ship wakes using different numerical approaches. Muijden et al. [42] investigated
the capabilities of CFD using a Reynolds-averaged Navier Stokes (RANS) equation
as well as on a hybrid RANS-Large Eddy Simulation (LES) approach and compared
with experimental data. It was observed that results based on the hybrid RANSLES approach are, in general, closer to the experimental data. The deviation in
velocity ratio was of the order of 0.1 for hybrid RANS-LES results, which was
smaller than traditional RANS results.
Reddy et al. [43] used the commercial CFD code, FLUENT, with the k-ε
turbulence model to solve the steady-state flow around the SFS1 on structured
grids. Significant variations in flow topology were seen for different grid densities,
although grid independence was approached as the cell count rose above 1 million.
Forrest and Owen [44] investigated time-accurate CFD computations of the
SFS2 airwake using the commercial CFD solver FLUENT employing DetachedEddy Simulation (DES) approach with SST k − ω turbulence model. A DES
approach was proposed as a similar approach to Large-Eddy Simulation (LES), but
it is computationally cheaper; closer to unsteady Reynolds-averaged Navier-Stokes
(URANS) in terms of required CPU time. It was shown that the intelligent use
of unstructured meshing techniques for complex ship geometries could give an
increase in airwake fidelity at a modest increase in computational cost. However,
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Figure 1.9: LHA with opaque iso-surfaces of vorticity at different Wind-Over-Deck
(WOD). [45].
the achieved computational efficiency by using a DES approach was not mentioned
in the paper.
Polsky and Bruner [45] studied the LHA ship airwake (Figure 1.9) using a
Reynolds Averaged Navier Stokes (RANS) solver without a traditional turbulence model; however, resolved scales of turbulence were modeled using Monotone
Integrated Large Eddy Simulation (MILES). MILES turbulence modeling is a
form of Large Eddy Simulation that is used in time-accurate and flux-conserving
schemes [46] and it neglects the unresolved (subgrid scale) turbulence. It was shown
that time-accurate data for an LHA ship airwake were successfully computed using
a RANS solver with MILES approach and time-accurate CFD data averaged over
time compared very well to the experimental data.
Recently, Thedin et al. [47] investigated the effect of a neutral atmospheric
boundary layer (ABL) on the SFS2 ship airwake using a high-fidelity large-eddy
simulation of ABL turbulence. The flow topology of the SFS2 airwake under
uniform and turbulent atmospheric inflow was compared, and it was shown that the
presence of an ABL modifies the recirculation region and delays the reattachment
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point of the flow around the ship flight deck. The power spectra analysis of the
ship airwake with ABL showed higher energy content with a peak frequency at
7-8Hz compared to uniform inflow boundary profile solutions.

1.2.2 One-way Coupled Flight Dynamics and CFD Simulations
Several research studies have examined the dynamic interface problem by incorporating the effects of the ship airwake environment using a pre-computed solution of
Navier-Stokes CFD simulations in a one-way coupled manner. In this approach, the
flow field is solved offline without the presence of the helicopter rotors, assuming
that it is decoupled from the rotorcraft aerodynamics. Within the piloted flight
simulation, the flow velocities from the computed turbulent ship airwake are replayed into the aircraft aerodynamic model via look-up tables, assuming simple
superposition of the airwake flow and induced flow from the rotor.
The approach has been shown to provide reasonable predictions of overall pilot
control activity when comparing pilot model simulations and flight data for certain
conditions [17], but in general, the one-way coupling approach is insufficient for
predicting all potential airwake hazards in DI operations. An obvious limitation
of the one-way coupled solution is that the helicopter rotors and airframe do not
influence the airwake of the ship. A superposition concept is assumed, where CFD
solutions of the undistorted ship airwake are simply added to the rotor inflow and
free steam velocities.
Roper et al. [48] developed a look-up data table for both SFS1 and SFS2 ship
airwake velocities for a wide range of wind conditions using a commercially available
CFD code, Fluent, and integrated this look-up table into the FLIGHTLAB flightsimulation environment. Piloted trials have been carried out using the developed
tool, and results have been used to plot the ship-helicopter operating limits for the
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Figure 1.10: Power spectrum density of the CFD predicted SFS2 airwake velocity
magnitude. [49].
SFS2.
Similarly, Hodge et al. [22,49] modeled two unsteady airwakes (0◦ and 30◦ WOD)
resulting from the airflow around the SFS2 model using time-accurate inviscid CFD
and integrated into a piloted simulator. It was shown that, the frequency content
of the calculated airwake was concentrated in the range of 0.2-2Hz (Figure 1.10),
which covers the widely accepted range of pilot closed-loop control frequencies
(0.16-1.6Hz) and will have an impact on the helicopter handling qualities and pilot
workload. A highly experienced pilot carried out several deck-landing trials in the
simulator using the standard Royal Navy technique and provided feedback related
to pilot workload during flights. Pilot feedback showed that in some areas, the
unsteadiness of the ship wake was found to be more pronounced than expected
(Figure 1.11). The usage of the inviscid flow assumption in the simulation was
proposed as the main reason of this issue.
Bunnell [50] developed a time-varying ship airwake model using Navier Stokes
CFD solutions of an LHA ship airwake and implemented into a helicopter model
using blade element method in order to represent the complex interactions between
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Figure 1.11: Pilot workload ratings given for a station-keeping task with SFS2
airwake. [22].
the helicopter and the ship airwake. The developed tool was verified by several
experienced UH-60 pilots and was found to be generally realistic and to produce a
workload representative of a shipboard landing. Frequency analysis of acceleration
histories showed that the simulated airwake produces higher frequency content and
total energy than steady simulated winds.
Lee [17] and Uzol [51] performed the ship airwake CFD calculations of an LHA
class ship without the presence of a helicopter rotor and time-averaged results
were stored as look-up table. Results are integrated with the GENHEL-PSU flight
dynamics simulation model. One-way coupled flight dynamics simulations of a UH60 helicopter model were performed using developed look-up tables. A maneuver
controller was used to simulate pilot control inputs for a specified approach and
departure trajectories. It was shown that the time-varying ship airwake has a
significant impact on aircraft response and pilot control activity.
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1.2.3 Fully-coupled Flight Dynamics and CFD Simulations
Several research studies have examined the dynamic interface problem using nonreal-time fully-coupled flight dynamics and CFD solutions. In this method, flight
dynamics simulation and CFD analysis software are run concurrently with communication between the two so that the effect of the ship airwake on the rotorcraft as
well as the effect of the rotorcraft on the ship airwake can be calculated.
Bridges [52] and Alpman [14] studied the fully-coupled helicopter/ship dynamic
interface by coupling an existing time-accurate CFD code (PUMA2) and a flight
dynamics simulation model (GENHEL) to examine the effects of helicopter/ship
dynamics on pilot workload using concurrent solutions of flight dynamics and
Navier-Stokes CFD as proposed in this study. Two different approaches were used
to compute the magnitudes of source terms. In the first approach, a model similar
to the actuator disk model was used. Time-averaged values of rotor effects have
been applied to the flow field as a source term, which were computed using blade
element theory. This approach resulted in a good agreement with the wind tunnel
data for a hovering rotor. In the second approach, source terms were computed
using blade loads calculated from GENHEL with an approach called “Actuator
Line Model”. All the fully-coupled simulations were performed with a pilot model,
and data exchange was achieved using File Input/Output operations. Results
included the use of a pilot model, and comparison of the results with a human
piloted maneuver showed similar variations of control history. At that time, the
solutions were computationally expensive and very far from real-time.
In a recent study, Forsythe et al. [53] investigated coupled flight dynamics
and CFD calculations of a ship airwake using the unstructured RANS CFD
solver HPCMP CREATE™ -AV Kestrel and U.S. Navy’s flight simulation exec-
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utive, CASTLE® . A variety of unstructured grids with a total cell number changing
from 6 to 17 million and a turbulence model of Spalart-Almaras were used for
near-body calculations. An automatic mesh refinement library, SAMCart, was used
for the off-body grid to capture detailed vortical wake structures. For off-body
calculations, Euler equations were used, which can be seen as a monotone integrated
large eddy simulation (MILES) where the numerical dissipation of the solver serves
as a subgrid scale LES model. The Gaussian distribution was used for both the
distribution of the source terms and the determination of free stream velocity for
each rotor panel. Three different cases, i.e. coupled, uncoupled, and coupled with
no ship, for a helicopter hovering in an open domain and approaching to a ship
flight deck were performed. For the approach case, a pilot model was used to
control the helicopter, and simulations were run one-way coupled for the first 20
seconds of the simulation. The computation times were far from real-time, however
they were reasonable for a case of this complexity.
Crozon et al. [54] investigated the aerodynamic interactions between the aircraft
and the ship wake using the block-structured parallel solver HMB developed at the
University of Liverpool with URANS and the k − ω turbulence model. Simulations
performed with the Canadian Patrol Frigate (CPF) geometry and both with an
actuator disk method and the five-bladed Sea King isolated rotor. This study was
extended for a maneuvering aircraft in [55] by integrating a multi-body grid motion
method and a new developed flight dynamics code, Helicopter Flight Mechanics
solver, with CFD.

1.2.4 Real-time Helicopter/Ship Dynamic Interface Simulations
McKillip [15] used vortex doublet elements shed from sharp edges of the ship
superstructure to model the unsteady airwake of a Navy ship and coupled with
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an approaching rotorcraft, which was described by a panel-based fuselage model
and freely distorting wake analysis. The airwake model representation provided
an appropriately detailed level of fidelity to capture handling qualities features of
importance to shipboard rotary-wing aircraft operations. The resulting simulation
environment was proposed as a first stage of a study that could potentially run in
real-time.
Zhao [16] used the results obtained from a first-principle based hybrid rotorcraft/ship flow solver which couples a grid-free viscous Vortex Particle Method
(VPM) with an unstructured CFD solver to develop a real-time rotor wake model
by augmenting the widely used Pitt-Peters finite state model. Offline coupled
VPM/CFD simulations were carried out for a Lynx-class rotor operating at a wheel
height of 16 ft. above a scaled SFS1 at wind-over-deck of 25 knots/0◦ . It was shown
in another study [56] that the high fidelity of the VPM/CFD coupling methodology
can successfully (Figure 1.12) and efficiently capture the aerodynamic interactions
between rotor wake and ship airwake. However, the coupled simulations were
computationally too expensive and far from real-time. Obtained offline solutions
of the VPM/CFD simulations were used to develop an augmented version of the
Peters-He finite-state model, and it was shown that the augmented finite-state rotor
wake model accurately captures the essential physics of the rotorcraft/ship airwake
aerodynamic interactions and that it is computationally fast enough to support
real-time simulations. However, since the pre-computed coupled VPM/CFD flow
solutions of rotor/ship airwake were used in real-time simulations, the accuracy of
real-time simulations are limited to the source data used to develop the augmented
finite-state model.
Friedman et. al. [57] developed a grid-based flow-field method to capture complex
boundary conditions and to calculate rotorcraft downwash and its interactions both
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Figure 1.12: Fully-coupled VPM/CFD (with OpenFoam frigate) [56].
with the ground and obstacles in proximity. A Lattice-Boltzmann based flow solver
with a ray-tracing method for boundary recognition was used for flow calculations
and coupled with a finite-state based flight dynamics model. The simulation
environment was parallelized, and the computational load was distributed between
the CPU and GPU. Real-time simulation results showed that the implemented flow
solver was able to present visually plausible turbulent flow patterns, but lacks exact
physical characteristics. A coarse grid structure was shown as the reason of this
issue, and use of a more sophisticated turbulence model was proposed as a potential
solution. In addition, in real-time simulations, the flight dynamics calculations
were lacking feedback from the flow-field calculations, assuming that it is decoupled
from the terrain interactions.
Keller et al. [58] developed a real-time, free-wake rotor induced velocity software
module and integrated with a Navy helicopter flight dynamics simulation for testing
in multiple pilot evaluations. They performed coupled free-wake aerodynamics
and flight dynamics simulations for vertical descent and shipboard operations and
compared the model with flight test data. To account for interactions between the
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rotor wake and an external spatial and time varying disturbance field, they used a
vortex-based solution strategy based on a separate pre-processed CFD analysis.
It is notable that the work in both Ref. [16] and [58] have effectively achieved
real-time simulations with fully-coupled rotor / ship airwake interactions. Both
methods use pre-computed Navier-Stokes CFD solutions with an approximate
Lagrangian approach (Vortex Particle Method) to simulate the coupled flow over
the flight deck. Friedman et. al. [57] used a grid-based Lattice-Boltzmann method
to simulate the effect of rotor wake upon the terrain, but as yet the method has
not been used to calculate the influence of terrain on the helicopter rotor. The
ultimate goal of this project is real-time dynamic interface modeling and simulation
with fully-coupled Navier-Stokes CFD computed in parallel to the flight dynamics
computations. This approach is challenging in that it requires real-time CFD
computations, but the method offers the most flexibility in terms of modeling
capability. For example, ship motion or variations in wind direction and speed
could be incorporated into the simulations.

1.3 Research Objectives
Although a significant amount of study has been done in the past on the dynamic
interface problem, the real-time dynamic interface modeling and simulation with
fully-coupled Navier-Stokes CFD computed in parallel to the flight dynamics
computations has never been studied in detail.
The objective of this study is to compute the non-linear aerodynamic coupling
between the rotor flow and the surrounding environment using Navier-Stokes CFD
fully-coupled with flight dynamics calculations in such a way that execution times
are at real-time speeds. A particular focus of the research is on coupled airwake
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effects in the helicopter / ship dynamic interface. It is envisioned that this work
will lead to pilot-in-the-loop CFD. If successful, this will revolutionize manned
flight simulation and the acquisition process for ship-based aviation.
To meet this goal, the following technical approach is proposed:
• GENHEL-PSU is the helicopter simulation tool used for this research, and a
new coupling framework is developed to incorporate CFD predictions into
rotorcraft flight dynamics simulations.
• Density-based unstructured and structured Navier-Stokes solvers CRUNCHCFD and CRAFT-CFD are used as flow calculation tools and linked to the
GENHEL-PSU framework.
• A building block approach starting from the plausible and building to higher
and higher fidelity is employed. We start with non-real-time simulations
and optimize the software to achieve the fastest possible execution with
the available computer and network hardware. The goal is finding the most
efficient methods that will incorporate ship/aircraft coupling into the real-time
environment with "minimum" fidelity. Definition of "minimum" is established
as part of this study through testing with both offline simulations (autopilot)
and piloted simulations. Results are evaluated against sub-scale and full-scale
validation data for coupled ship/aircraft flow fields.
• Simplified rotor models to implement rotor loads in CFD, while keeping
the essential physics of the flight dynamics model, is required to drop the
computational cost of the flow calculations. So a simplified “Actuator Disk
Method with unsteady momentum sources” is chosen for this study.
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• Investigating the influence of aerodynamic interactions between rotor downwash and terrain on rotorcraft flight dynamics using the developed tool is
important for the verification of the approach. Near-ground flight dynamics
over a flat, sloped, and partial terrain are chosen to be investigated in this
study.
• Exploring and applying faster communication protocols for coupling that will
support to perform calculations at real-time speeds is an important part of
this study. This will lead to pilot-in-the-loop CFD simulations.
• Integrating the developed tool to the PSU VLRCOE flight simulator and
demonstrating pilot-in-the-loop simulations coupled with the CFD flow solver
is the final task of this study. Real-time performance or at least near-real-time
execution with a pilot-in-the-loop is expected to be achieved at the end of
the project.
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Chapter 2 |
Flight Dynamics Model and Coupling Interface

2.1 GENHEL-PSU Helicopter Model
The flight dynamics simulations were performed using the GENHEL-PSU code.
This is a real-time mathematical model of a utility helicopter (representative of a
UH-60A Black Hawk (Figure 2.1)), originally developed by Sikorsky Aircraft. A
list of physical properties of the UH-60A helicopter can be found in Table A.1. The
basic mathematical model is a total force, non-linear, large-angle representation
in six rigid-body degrees of freedom [8]. Additionally, the model includes full
non-linear equations of main rotor flap / lag dynamics, rotor and engine RPM
dynamics, and a three-state Pitt-Peters inflow model. It uses a blade element
representation of the main rotor using look-up tables for blade section lift and drag
as function of angle-of-attack (through 360 degrees) and Mach number. The overall
block diagram of the GENHEL-PSU is presented in Figure 2.2
In GENHEL-PSU, the fuselage is represented by six components of aerodynamic
characteristics (forces and moments) which are directly derived from wind tunnel
tests. In order to cover the low-speed flight regimes, the wind tunnel test data up to
post-stall conditions are extended to ±90◦ . Near hover, the most important forces
are the vertical drag and side force [8]. The free stream plus interference effects
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Figure 2.1: UH-60A Black Hawk General Arrangement
from the main rotor defines the angle of attack at the fuselage. These interference
effects are based on rotor loading and rotor wake skew angle.
The tail rotor is represented as simplified, closed-form Bailey theory solution,
in which the induced inflow of the tail rotor is calculated via simple momentum
theory. The aerodynamics of the empennage are treated separately from the forward
fuselage. The angle of attack on empennage and tail rotor is obtained from the
freestream velocity plus rotor and airframe wash. Similarly, the dynamic pressure
effects on empennage and tail rotor are calculated by factoring the freestream
velocity components [8].
When the simulation is fully-coupled, all the interference models and main
rotor inflow model (3-state Pitt-Peters) are replaced with the velocity field values
calculated by the CFD solver. More information will be given in Section 2.4

2.2 Non-Linear Dynamics Inversion Controller
The open-loop helicopter dynamics are inherently unstable, so some form of closedloop control is required to obtain meaningful results. A Non-Linear Dynamic
Inversion (NLDI) controller was developed in a recent work [59] to evaluate advanced
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Figure 2.2: A block diagram of GENHEL-PSU flight dynamics code.
response types for ship-based rotorcraft. In the scope of this project, the same
controller integrated with the flight simulation model and used in both piloted and
non-piloted fully-coupled simulations. It achieves high precision closed-loop control
of the simulated helicopter and can hold a fixed hover position (with tolerances
less than ±5 ft) or follow a prescribed trajectory. This controller is useful in
fully-coupled simulations, since non-real-time simulations need a “pilot model”
to regulate the helicopter and keep it in a fixed location while subjected to the
disturbances due to the coupling with the CFD flow field. For the Pilot-in-the-Loop
Computational Fluid Dynamics (PILCFD) simulations, the controller achieves
an Attitude Command / Attitude Hold (ACAH) response in roll and pitch with
vertical speed command and altitude hold in the collective axis, which allows low
workload control in the dynamic interface even by untrained pilots.
The Non-Linear Dynamic Inversion Controller (NLDI) is designed around the
6-DOF non-linear dynamic model of a UH-60A helicopter. In order to track
the ideal response imposed by the command filters, the controller uses full-state
feedback (all rigid-body states). The non-linear flight model uses the stability and
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control derivatives representation of aerodynamic loads that are extracted from
GENHEL-PSU using a perturbation method at different air speeds, but the exact
representation of the non-linear dynamics and kinematics of the helicopter are given
in Equations 2.1 -2.9.

X
m

u̇ =
v̇ =
ẇ =
ṗ =

1
2
Ix Iz −Ixz

1
2
Ix Iz −Ixz

Z
m

(2.1)

+ gcosθsinφ − ru + pw

(2.2)

+ gcosθcosφ − pv + qu

(2.3)

2
[Iz L + Ixz N + Ixz (Ix − Iy + Iz )pq − (Iz2 − Iz Iy + Ixz
)qr]

q̇ =
ṙ =

Y
m

− gsinθ − qw + rv

1
Iy

[M − (Ix − Iz )pr − Ixz (p2 − r2 )]

2
[Ix N + Ixz L − Ixz (Ix − Iy + Iz )qr + (Ix2 − Ix Iy + Ixz
)pq]

(2.4)
(2.5)
(2.6)

φ̇ = p + q sin φ tan θ + r cos φ tan θ

(2.7)

θ̇ = q cos φ − r sin φ

(2.8)

φ
sin φ
ψ̇ = q cos
+ r cos
θ
cos θ

(2.9)

The trim states, stability and control derivatives, controls, and forces are
scheduled with airspeed. The non-linear state-space model is,

ẋ = f (x) + g(x)u

(2.10)

and the chosen states and available controls in vector form x(t) and u(t) are shown
in Equations 2.11 and 2.12,
T



x(t) = u v w p q r φ θ ψ
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(2.11)

T



u(t) = δlat δlon δcol δped

(2.12)

A controlled variable per input channel is required for a NLDI controller. These
variables are tied directly to the pilot inceptors and the command filter. In this
particular application, the controlled variables for the inner loop control law are
defined by roll attitude, pitch attitude, vertical speed, and yaw rate as given in
Equation 2.13.
T



ycmd = φ̇ θ̇ Vz r

(2.13)

The output vector, y, as a function of the aircraft states, x, is then


y = h(x) =



 p + q sin φ tan θ + r cos φ tan θ 






q cos φ − rsinθ






u sin θ − v sin φ cos θ − w cos φ cos θ 







(2.14)

r

The time derivatives of the output vector y is then:

ẏ =

∂h(x)
∂h(x)
∂h(x)
ẋ =
f (x) +
g(x)u = F(x) + G(x)u
∂x
∂x
∂x

(2.15)

where the function F(x) and G(x) can be derived from Equations 2.1-2.9. A
complete derivation of these functions can be seen in [59].
In order to track the desired values, ycmd (t), the tracking error of the system
can be defined as e(t) as given below,

e(t) = ycmd (t) − y(t)

29

(2.16)

ė(t) = ẏcmd − ẏ(t)

(2.17)

An alternate form of the time derivative of the controlled variables can be
obtained by substituting Eq. 2.16 into Eq. 2.15:

F(x) + G(x)u = ẏc − ė

(2.18)

Solving for the control inputs, u, results in a control law of the form:

u = G−1 .[ẏcmd + ν − F(x)]

(2.19)

where ν is a time changing vector of auxiliary inputs, or “pseudo commands” as
given by:
ν(t) = −ė

(2.20)

The error dynamics can be satisfied by using simple PID compensators, ė = −ν,
thus
ν = KP ID .e

(2.21)

and the final non-linear dynamics inversion control law is given as:

u = G−1 .[ẏcmd + KP ID .e − F(x)]

(2.22)

Figure 2.3 shows a general overview of the NLDI flight control system architecture.
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Figure 2.3: Non-Linear Dynamic Inversion Controller architecture, taken from [59]

2.3 Ship Airwake Module
GENHEL-PSU has a separate “ship airwake” module for one-way coupled simulations initially developed by Lee [17]. As discussed before, the "one-way coupling"
approach uses a fundamental assumption that the helicopter does not affect the
ship airwake, but the velocity field of the airwake affects the aerodynamic forces
of the helicopter. In this method, the airwake is usually calculated offline, using
time-accurate CFD for various prescribed wind conditions, and the spatiotemporal
flow fields are stored in look-up tables.
As described before in Section 1.2.2, this approach has been shown to provide
reasonable predictions of overall pilot control activity when comparing pilot model
simulations and flight data for certain conditions [17], but in general, the one-way
coupling approach is insufficient for predicting all potential airwake hazards in
DI operations. An obvious limitation of the one-way coupled solution is that
the helicopter rotors and airframe do not influence the airwake of the ship. A
superposition concept is assumed, where CFD solutions of the undistorted ship
airwake are simply added to the rotor inflow and free steam velocities.
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In the scope of this study, two different ship airwake look-up tables were
generated from time-accurate CFD analyses of the SFS2 ship model at 0◦ and 30◦
WOD conditions, and results were implemented to this ship airwake module to
perform one-way coupled simulations. More details about the preparation process
of the look-up tables and results of the one-way coupled simulations will be provided
in Section 4.1.

2.4 Flight Dynamics / CFD Coupling Interface
A coupling interface code has been developed in the scope of this study. In fullycoupled solutions, blade position and aerodynamic loads are transmitted to the
CFD code; the CFD code then calculates a velocity field (including the induced
velocities from the aircraft air loads) and sends these velocity values back to
the helicopter simulation model. The subsequent airloads and dynamics of the
helicopter are then affected by the evolving external flow field. In this sense, the
CFD solutions serve the purpose of not only calculating the influence of the ship
airwake disturbance, but also of the influence of the induced flow from the main
rotor on the rotor air loads (as well as on other components of the rotorcraft such
as the empennage and tail rotor). Induced flow effects on the rotor air loads are
usually modeled by a lower-order inflow model in flight simulations (e.g. finite
state inflow), but these modules are replaced by CFD in the fully-coupled solutions.
Off-rotor aerodynamic interactions, such as “downwash” effects from the rotor
on the fuselage and empennage, are typically modeled using empirically derived
table look-ups. These can also be replaced by the CFD flow solutions. The main
concern for practical implementation is that the computational grid used in the
CFD calculations must have sufficient resolution in the vicinity of the rotor to
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accurately resolve the main rotor wake below downstream of the rotor. Adaptive
mesh and other technologies can be considered but can be expensive.

2.4.1 Main Rotor as an Actuator Disk
To resolve the full geometry of the helicopter blades in a CFD simulation is
computationally expensive. The actuator disk model (ADM) and the actuator line
model (ALM) (Figure 2.4) can be used as less expensive alternatives to model
the induced flow through the rotor [60]. ALM represents the blades as a set of
segments along with each blade axis; and the ADM represents the entire rotor as
a permeable disk of equivalent area where forces from the blade are distributed
on the circular disk. The distributed forces on the actuator disk or actuator line
alter the local flow velocities through the disk and, in general, the entire flow field
around the rotor disk [61].

Figure 2.4: A schematic of Actuator Line Model (ALM) and Actuator Disk Model
(ADM). [60]
Several researchers have studied the implementation of the actuator disk method
for rotating blades [62–69]. There are two types of actuator disk methods defined in
the literature: i) pressure-boundary method and ii) a momentum-source approach .
When the unsteady characterics of the rotor aerodynamic loads are included, it was
shown that these approaches give the equivalent result to the time-averaged induced
velocity of a rotor having a finite number of blades [63]. Moreover, this method
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allows a ‘loose-coupling’ approach in the simulations. The loose-coupling approach
minimizes the data exchange frequency between the rotor flight dynamics code
(GENHEL-PSU) and the flow solvers (CRUNCH/CRAFT CFD). It is also expected
that loose-coupling will result in more numerically stable CFD solutions, since a
more evenly distributed set of smaller magnitude source terms are implemented in
the flow solver. In the ALM approach, a smaller set of highly dynamic and higher
magnitude source terms are introduced. So it is possible that the ADM method
will also speed up computation, since the CFD solver iterations will converge more
rapidly. The loose-coupling methods are somewhat more complex to implement,
since it requires storage and interpolation of blade load and blade velocity data
over several blade steps.
In the scope of this project, the ADM with unsteady momentum-source approach
is used to represent the rotor effects in the CFD calculations. As mentioned before,
GENHEL-PSU uses blade element representation of the main rotor using look-up
tables for blade section lift and drag as functions of angle of attack and Mach
number. In blade element theory, it is assumed that the blade section acts as
a quasi-2D airfoil to produce aerodynamics forces and moments [9]. Usually, to
account for three-dimensional effects, tip loss and other empirical factors are applied.
Rotor performance is usually obtained by integrating the sectional blades loads at
each blade section over the length of the rotor blade and averaging the resultant
loads over the one rotor revolution [9] (In GENHEL-PSU, the instantaneous blade
loads are used in the simulation. The forces are oscillatory in general, but because
frequencies are too high relative to inertia of the aircraft, they effectively averaged in
the flight simulation). Compared to the simple momentum theory, blade properties
(such as blade twist, planform distribution, airfoil shape, tip shape) are also be
accounted for in the calculations.
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Figure 2.5: Shaft axes to rotating blade span axes transformation
To implement the blade element calculations into the Navier-Stokes calculations
as an unsteady momentum source using the actuator disk method, a series of
coordinate transformation and calculations are needed. Below, these calculations
and coordinate transformations are explained.
Starting with the generation of the uniform radial grid formation using the
actual blade elements’ spanwise distribution used in GENHEL-PSU, the blade
segment positions in the rotating shaft axes (Fig. 2.5) are obtained using Equations
2.23-2.26.

xseg = R ∗ rseg ∗ cos β ∗ sin δ

35

(2.23)

yseg = (R ∗ rseg ∗ cos β ∗ cos δ) + e

(2.24)

zseg = R ∗ rseg ∗ cos β ∗ sin δ

(2.25)

rrs = xseg irs + yseg jrs + zseg krs

(2.26)

or in a vector form,
T



rrs = xseg yseg zseg

(2.27)

Here rseg is the radial position vector of each blade segment mid-point in the
rotating shaft frame, as defined in GENHEL-PSU rotor module; R is the main
rotor radius, and e is the rotor hinge offset and δ and β are the flapping and lagging
angles as shown in Figure 2.5.
Then, the blade segment positions in CFD axes can be obtained by transforming
the rotating shaft vectors into the fixed shaft axes system, then transferring to the
body axes, transforming to the NED axis at the center of gravity of the aircraft,
then translating to the earth-fixed coordinates, and finally transferring into the
CFD axes, as shown in Equations 2.28-2.32.

rs = Trs/s rrs

(2.28)

rb = Ts/b rs

(2.29)

rNEDc.g. = Tb/NED rbs

(2.30)
T



rNED = rNEDc.g. + XN ED YN ED ZN ED
rCFD = TNED/CFD rNED

(2.31)
(2.32)

Equations 2.33 to 2.35 show the transformation matrices from the rotating shaft
frame to the CFD frame, respectively.
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The rotating shaft to shaft axes transformation matrix is,




Trs/s =

− cos ψR 0.0

 sin ψR


cos ψ

R





0.0




sin ψR

0.0

0.0

(2.33)

1.0

and the shaft to body axes transformation matrix is,


Ts/b =











cos iθ
0

sin iθ sin iφ sin iθ cos iφ 


− sin iφ 




cos iφ

(2.34)

− sin iθ cos iθ sin iφ cos iθ cos iφ

where iθ and iφ are longitudinal and lateral shaft tilt angles with positive back and
right.
The body axes to Earth-fixed frame (NED) transformation matrix can be
written as:


Tb/NED =



cos θ cos ψ


 cos θ sin ψ




− sin θ

sin φ sin θ cos ψ − cos φ sin ψ cos φ sin θ cos ψ + sin φ sin ψ 
sin φ sin θ sin ψ + cos φ cos ψ cos φ sin θ sin ψ
sin φ cos θ



− sin φ cos ψ 




cos φ cos θ

(2.35)
The Earth-fixed frame (NED) to CFD (SEU) frame transformation matrix is
simply:


TNED/CFD =



−1


 0




0

0
1

0
0








(2.36)

0 −1

By repeating these calculations over the rotor disk for different blade azimuth
degree locations and for each blade segment on each time step, a uniform time-
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averaged actuator disk is obtained in CFD coordinate axes.
Using a similar approach, blade segment velocities and forces are calculated on
each blade segment. The blade segment total velocity components are developed in
three parts: i) those independent of segment position (UP A , UT A , UP A ), ii) those
dependent on segment position (UP B , UT B , URB ) and iii) interference effects made up
of downwash and gust effects (in fully-coupled simulations, UP,CF D , UT,CF D , UR,CF D ).
The velocities at the blade segments are obtained by transforming the fixed shaft
vectors into the rotating hub axes system, then transferring to the blade hinge
position, transforming into blade span axes through the Euler angles β (flapping)
and δ (lagging), and finally transferring to the blade segment positions.

Figure 2.6: Components of rotor blade incidence, taken from [70]
Blade velocities independent of radial positions are shown in Equations 2.37 -
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2.41.
UP A = −µsx sin β cos(ψ + δ) + µsy sin β sin(ψ + δ) + µsz cos β
ξ
+ {cos β(q s cos ψ + ps sin ψ) − sin β sin δ(rs − Ω)}
Ω
UP B = −β̇ + q s cos(ψ + δ) + ps sin(ψ + δ)

(2.37)
(2.38)

ξ
cos δ(rs − Ω)
Ω

(2.39)

UT B = δ̇ cos β + sin β(ps cos(ψ + δ) − q s sin(ψ + δ)) − cos β(rs − Ω)

(2.40)

URA = µsx cos β cos(ψ + δ) − µsy cos β sin(ψ + δ) + µsz sin β

(2.41)

UT A = µsx sin(ψ + δ) + µsy cos(ψ + δ) −

ξ
{sin β(q s cos ψ + ps sin ψ) + cos β sin δ(rs − Ω)}
Ω
Then local blade velocity components (Fig. 2.6) on each blade segment including
the downwash and any airwake calculated by CFD solver are:
!

∆yseg (j)
UP,CF D
UP = UP A +
UP B −
Ω
ΩR
|
{z
} | {z }

(2.42)

CFD

body + blade motion

!

UT = UT A +
|

∆yseg (j)
UT,CF D
UT B −
Ω
ΩR
{z
} | {z }

body + blade motion

UR = U
RA +
| {z
}
body

(2.43)

CFD

UP,CF D
| ΩR
{z }

(2.44)

CFD

The local resultant velocity at each blade segment then becomes,
UY2 = UP2 + UT2 + UR2

(2.45)

where UP (perpendicular to the rotor disk plane, positive downward), UR (radial,
positive to outward), and UT (tangential to the rotor disk plane, positive toward
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the trailing edge) are the velocity of the air relative to the blade segment.
Similarly, the total velocity components on fuselage, tail rotor and empenb
b
nage including the body velocities at helicopter c.g. ((V xbc.g. , V yc.g.
, V zc.g.
), rotor

downwash interference effects (V xint , V xint , V xint ) and airwake velocities can be
calculated as:

V xtotal = V xc.g. + V xint − V xCF D

(2.46)

V ytotal = V yc.g. + V yint − V yCF D

(2.47)

V ztotal = V zc.g. + V zint − V zCF D

(2.48)

Here contribution of ship airwake velocity is obtained from the CFD solution
of the ship airwake and the rotor downwash interference effects are zero when the
simulation is fully coupled, since they are already included in the CFD flow field
calculations.
Blade segment forces based on the local resultant velocity, local angle of attack,
and blade segment width thus become:

FP =

1
ρΩ2 R3 (cy ∆y)UY
2



CL UT + CD UP
| cos γ|



FT = 21 ρΩ2 R3 (cy ∆y)UY (CD UT − CL UP | cos γ|)


FR = 21 ρΩ2 R3 (cy ∆y)UY CD − CL UPUcos γ
T

(2.49)
(2.50)



(2.51)

where cy and ∆y are the local blade segment chord and width, respectively, cosγ
is the yaw angle of flow at a blade segment, CL (α) and CD (α) are the local blade
segment lift and drag coefficients, respectively, ρ is the density, and UY is the local
velocity magnitude.
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The resultant force per blade element can be written in vector form as,




F = FP FT FR

(2.52)

The actuator disk model approach requires the forces at each blade element to
be scaled by a solidity factor,

σ=

Nb AB
Ar

or

Nb
Nψ

(2.53)

where Nb is the total number of blades, AB is the area of an individual blade
section, Ar is the total swept area of the blades and Nψ is the total number of
actuator lines used to generate the actuator disk grid.
The applied force normalized by the solidity factor becomes,

f = Fσ

(2.54)

A 1D Gaussian distribution, as suggested by Mikkelsen [65], can be used to smooth
the actuator point forces out over the grid cells at planes vertically stacked in the
normal direction of the rotor disk plane(Figure 2.7). By taking the convolution of
the force with a regularization kernel,

f = f ⊗ η 1D

η

1D

(2.55)

"   #
2

p
1
(p) = √ exp −
 π


(2.56)

where p is the distance between the rotor disk plane and the planes vertically
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stacked in the normal direction of the rotor disk and  decides the Gaussian width
where the forces distributed from its initial point [71].

Figure 2.7: A schematic of conversion from Blade elements to ADM with 1D
Gaussian distribution function.
It is expected that the use of a 1D Gaussian distribution will help to stabilize
the numerical CFD calculations, speed up the computation, and produce more
accurate results. More information can be found in Appendix B.

Figure 2.8: Source term points located on the helicopter body used for the rotor
interference calculations.
At present, we account for rotor downwash influence on the fuselage and empennage, but these airframe components do not influence the CFD flow solution.
Normally, in a rotorcraft simulation, local flow velocities are calculated at aerodynamic control points at various points of the airframe (Figure 2.8). The local flow
velocities are based on the superposition of free stream flow, angular motion of the
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aircraft, and an empirical correction due to main rotor wake impingement. The
local flow velocity vector at the control points are used to compute dynamic pressure
and aerodynamic angles, which are used in table look-ups of aerodynamic force
coefficients. Currently, in the coupled simulations, the rotor downwash computed
by CFD “flows through” the airframe. We then use the CFD flow velocities at
the aerodynamic control points for the wake impingement correction (in place of
the empirical model). At present, all airframe components, including the fuselage,
are represented by single control points and a look up table aerodynamic force
coefficients with local aerodynamic angle. Distortion of the flow due to the airframe
could be modeled with overset or moving grids, but these approaches would incur
additional computation costs to the simulation. Moreover, the ADM method cannot
and does not attempt to capture rotor tip vortex. Like a finite-state inflow model,
it simply captures the downwash effects of the rotor, while it is assumed any blade
vortex interactions are secondary to flight dynamics and handling qualities. Also,
it is assumed that interaction of the rotor tip vortex with the ship airwake will
not have significant effect on the general airwake structure that is important for
flight dynamics and handling qualities due of the large difference in scale of the
vortex structures. While the current approach has obvious limitations, it aims to
improve upon current modeling methods for wake impingement that rely on crude
empirical correction factors. In addition, surrounding terrain is represented by fixed
boundary conditions that influence the flow at the rotor and airframe components
resulting in complex ground effect and recirculation effects not normally modeled
in flight simulations. Figure 2.9 shows a schematic of the communications between
the CFD solver (CRUNCH CFD) and the flight simulation (GENHEL-PSU).
Initially [72], the data exchange between the GENHEL-PSU simulation and the
CRUNCH CFD solver is performed using file I/O (Input / Output), where data
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were written to disk during output, and read from disk on input. This approach
is very easy to implement; however, the performance of these disk operations are
generally very inefficient and system dependent. It was known that using file I/O for
data exchange would be a bottleneck for the future real-time simulations. So for this
purpose, this method was replaced with a more efficient solution called Multiple
Program Multiple Data (MPMD) Message Passing Interface (MPI) framework
where two executables share the same memory so that the data exchange can be
done in a much faster way. This approach will be discussed in the Chapter 5.
Figure 2.9 shows a schematic of the coupling interface between GENHEL-PSU
and the CFD solvers CRUNCH and CRAFT CFD. In the flight dynamics model,
the rotor model calculates the blade aerodynamic loads and blade segment positions.
During initialization, the flight dynamics model uses a three-state Pitt-Peters inflow
model and trims at a given flight condition. The coupling interface uses an actuator
disk over a conical surface matching the current helicopter orientation and flapping
coefficients. The disk is constructed of annular segments of equal area. The coupling
interface interpolates the loads of each blade element onto the nearby grid points
of the actuator disk. It then distributes the loads on to additional actuator disk
points stacked vertically (normal to the tip-path-plane) above and below the rotor
using a one-dimensional Gaussian distribution of the aerodynamic load vectors.
These point locations and load vectors are transmitted to the CFD solver. The
actuator disk model is updated every 15 degrees rotation of the rotor. In addition
to the actuator disk blade loads and grid point locations, GENHEL-PSU sends
the main rotor hub location, the tail rotor hub location, and the positions of the
aerodynamics control points of the tail surfaces, tail rotor and fuselage as shown in
Fig. 2.8. These source points do not include force values are are only used to query
the velocity of the point in the CFD flow field.
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Prior to coupling, the CFD solver initializes itself for the given flow condition
based on pre-computed solutions of the ship airwake. Once the CFD solver receives
the source points from GENHEL-PSU, it creates a cylindrical sub-domain around
the main rotor hub location. Grid points within this sub-domain are searched to
find nearest nodes to the source point locations (bounding the search within the
cylinder significantly improves the efficiency of the search, see Section 5.1.2). The
CFD solver applies the rotor loads as source terms as described above. Once the
CFD time step is complete, velocities at the various grid points are sent back to
GENHEL- PSU. The aerodynamic models within GENHEL-PSU use these velocities
as local disturbances at the rotor blade elements, the tail rotor, the fuselage, and
the tail surfaces. The simulation model calculates new aerodynamic loads and
integrates the equations of motion forward in time and the process repeats. More
details about source term searching and applied CFD methodology will be given in
Chapters 3 and 5.
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Figure 2.9: GENHEL-PSU - CRUNCH CFD Coupling Interface.
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Chapter 3 |
CFD Method and Simulation Cases

3.1 CFD Method
3.1.1 Navier Stokes Equations
The governing equations of three-dimensional, unsteady, compressible, viscous
fluid-flow equations, also known as Navier-Stokes equations, can be derived from
conservation of three main characteristics properties of a moving fluid: i) continuity(mass), ii) momentum and iii) energy. Conservation equations in integral form,
for a time-varying dual control volume V with surface S, are written as follows:
i) Conservation of mass:
Z
∂ Z
ρdV + ρU.dS = 0
∂t V
S

(3.1)

ii) Conservation of momentum:
Z
Z
Z
Z
∂ Z
ρUdV + (ρU.dS)U = τ.dS − pdS + ρf dV
∂t V
S
S
S
V

(3.2)

iii) Conservation of energy:
Z
Z
Z
Z
∂ Z
ρedV + ρeU.dS = τ e.dS − pU.dS + ρ(f .U)dV
∂t V
S
S
S
V
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(3.3)

The vector form of equations the governing equations are given below:
I
I
Z
∂ Z
QdV + F (Q, n)dS = G(Q, n)dS + Dext dV
∂t V
S
S
V

Q=









 ρ 
 
 
 ρu 
 
 
 
 ρv  , F(Q, n)
 
 
 
ρw 
 
 
 

=

e

(3.4)

ρU






 ρU u + n p 

x 




 ρU v + n p  ,

y 




ρU w + n p 

z 





(3.5)

(e + p)U

Here Q is the vector of dependent variables, F (Q, n) is the inviscid flux vector
expression for a given Q and edge vector area n, G(Q, n) is the viscous flux term,
and D is the turbulent/chemical/cavitation/external source term. The dependent
variables in the first five rows of vector F in Eq. 3.4, represent the fluxes dictated
by the conservation of mass, the three components of momentum, and energy,
respectively.
The three-dimensional components of the contravariant velocity magnitude U
are represented by u, v and w in the x, y and, z directions, respectively, with the
terms nx , ny and, nz defining the normal vector components to the dual area face.
As for U, can be defined component-wise as:

U = nx u + ny v + nz w

(3.6)

The conservation of energy can be expressed as the total energy per unit volume,
e, through the following equation:
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1
e = ρh + ρ(u2 + v 2 + w2 ) − p
2

(3.7)

The viscous flux term, G(Q, n), is given as follows:


G(Q, n) =





 0 
 0 








τ 
τ 
 yx 
 xx 








 τ  î +  τ  ĵ
 yy 
 xy 








τ 
τ 
 yz 
 xz 









τ ey

τ ex







 0 




τ 
 zx 





+
 τzy  k̂




τ 
 zz 





(3.8)

τ ez

where,

τ ex = τxx u + τxy v + τxz w − qxh

(3.9)

τ ey = τyx u + τyy v + τyz w − qyh

(3.10)

τ ez = τzx u + τzy v + τzz w − qzh

(3.11)

and the viscous stress tensor, τ̄ can be expanded as following:
2
τ̄ij = 2µSij − µδij ∇.~v
3

(3.12)

where, µ is the dynamic viscosity, δij is the Knonecker delta (δij = 1 if i = j and
δij = 0 otherwise), and Sij is the strain-rate tensor:
1
Sij =
2

∂ui ∂uj
+
∂xj
∂xi

!

here the index i, j = 1, 2, 3 refers to the components in each direction.
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(3.13)

The conduction heat flux given as follows:

~qh = (k + kT )∇T

(3.14)

For fluid flow where there is minimal “compressibility”, i.e. minimal changes
of density due to pressure changes, a simplified form of compressible equations in
Equations 3.4 is solved. This is also true for the cases where the Mach number
is below 0.3. The advantage of using this incompressible formulation over the
more general and complete compressible formulation given above is twofold i)
computational cost is significantly lower because detailed real fluid equations of
state can be computationally very intensive, and ii) the simpler formulation is
significantly more robust since the energy equation essentially reduces to a decoupled
equation for static enthalpy [73].
The body forces acting on the fluid volume can be implemented to the NavierStokes equations as an additional source term in the momentum equations, as
shown in the last term of Equation 3.4. It can be a result from a variety of sources
depending on the physics being modeled i.e. chemical reactions, turbulence models,
phase change and cavitation. In this study, the aerodynamic loads created by the
rotor blades are implemented as an unsteady momentum source in the NavierStokes equations. The source vector D in Equation 3.4 includes time-dependent
and spatially varying 3D force per unit volume terms f (t, x) in the momentum
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equations and the corresponding work terms f (t, x).u in the energy equations as:


~ =
D



 0 




 f 
 x 




 f 
 y 




 f 
 z 





(3.15)

fi ui

Here fx , fy , fz represent the blade loads acting on a specific blade segment, as
calculated by the GENHEL-PSU flight dynamics code. (See Eqs. 2.49-2.52).

3.1.2 Turbulence Model
The turbulent flow is an unsteady, rotational; and shows irregular characteristics,
compared to the laminar flow. In turbulent flows, there exist a broad range of
spatial and temporal scales that contribute to the flow dynamics and these features
make it very complicated to model and simulate. These scales can be ranging
from millimeters to mega-parses. The numerical simulation of these scales requires
a significant amount of computational power and time, even with the today’s
computing technology.
Different numerical methodologies have been developed and commonly being
used in the literature for the turbulent flow calculations: Direct Numerical Simulations (DNS), Large Eddy Simulations (LES) and Reynold-Averaged Navier
Stokes (RANS) solutions and hybrid methods. In Direct Numerical Simulation
(DNS) [74], the time-dependent and three-dimensional Navier-Stokes equations
are solved directly without using a turbulence model. This approach requires an
enormous number of grid cells. If all scales of the flow are to be computed, the
smallest scale (Kolmogorov’s length) should also be resolved, requiring a resolution
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of Nspace = Re9/4 grid points and a time step of Ntime = Re1/2 [75]. The amount
of memory and computing power needed for DNS simulation that resolves all the
scales of motion for a flow with a Reynolds number Re can be estimated as:

Cost of DNS = Nspace × Ntime = Re17/4 ∼ Re4

(3.16)

For instance, the amount of memory and computing power needed for DNS
of the air flow past a complete airfoil would require a computer with exaFLOPS
(1018 flops) capacity [76] which is not even practical on today’s most advanced
supercomputers (Sunway TaihuLight, ∼ 125P F lop/s [77]) with peta-flops (1015
flops), which limits the DNS to the low Reynolds number and relatively simple
geometries.
A general practice for high Reynolds number turbulent flow simulations is
calculating the large scales of motion and modeling the effects of small scales
(unresolved) on the flow. In the turbulence community, this approach is called
subgrid-scale (SGS) modeling.
In Large Eddy Simulations (LES) [74], only the largest, so-called resolved
scales [78] of fluid motion are computed in the three-dimensional and time-dependent
details, and the effect of the small scales is modeled. This approach requires
relatively less resolution than DNS, therefore the computational cost is significantly
less expensive.
According to Grinstein [78], the most important issue for the LES models is to
accurately take account into these subgrid-scale quantities, which usually requires
solving extra expensive equations. Several different approaches have been developed
for subgrid-scale turbulence modeling. The most well-known approaches are such as
the classic Smagorinsky model [79], mixed subgrid-scale models [80], and dynamic
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modeling with any base model which also allow transfer of energy from small scales
to large scales, i.e. back-scattering [81]. Another alternative approach is Monotone
Integrated Large Eddy Simulation (MILES) without using neither SGS modeling
nor filtering [19].
The fundamentals of the MILES approach are based on the nonoscillatory finite
volume approximations of turbulent flows with effective modeling of the unresolved
quantities using Flux-Converted Transport (FCT) algorithms, while maintaining
the monotonicity and keeping the dissipation at minimum, so that there is no
need for an explicit subgrid scale turbulence model [82]. The only solution to
keep the dissipation substantially less is to increase the spatial resolution, however
this is not true for the LES models. The MILES approach has a built-in subgrid
“turbulence” that is continuously tied to the grid-scale errors in CFD and includes all
the necessary physics, that is, conservation, monotonicity (positivity) and locality
in the underlying fluid dynamics. Here, monotonicity means the algorithm does
not add unphysical oscillations to ρ even though subject to numerical diffusion
effects [78]. In MILES simulations, increasing the grid resolution without adding
a subgrid transport model, will result in a converged solution to the targeted
high-Reynolds number. Since the introduction of the MILES approach [46], it has
been applied for a wide-range of problems including shock-generated turbulence (e.g,
weapon effects), turbulent combustion, compressible and incompressible turbulence,
flow around large scale objects [83] (e.g. buildings, ship structures), atmospheric
modeling algorithms [78], and verified against various experimental data.
The application of MILES to the ship airwake problem has been used by many
scientists [45,84–89] and it was proven that this approach has shown to be adequate
for airwake simulations and reduces the computational cost of the simulations.
Moreover, the CRUCNH/CFAFT CFD solvers has been extensively used and
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validated for the ship airwake simulation using this approach [90–92].

3.2 Computational Domain and CFD Cases
The PILCFD simulation framework was utilized for various investigations of forward
flight, helicopter/terrain, and helicopter/ship interaction simulations in order to
verify the coupling approach used in the project. For each simulation case, a
specific computational domain was designed. Table 3.1 shows the properties of
computational domains used in the simulations.
Case

Grid
Cell size at
dimensions [ft] rotor region [ft]

Number
of cells

Hover OGE
Hover IGE
Flat Ground
Sloped Ground
• 15 degrees
• 30 degrees
Partial Ground
Acceleration IGE
Forward Flight OGE
SFS2 Airwake
• Hover over Ship Deck
• Approach

500x500x500
–
500x500x275
–
500x500x375
500x500x375
500x500x500
1000x500x250
750x500x500
–
2500x2500x2500
2500x2500x2500

1.2 million
–
2.1 million
–
3.3 million
3.5 million
5.8 million
7.1 million
2.1 million
–
3.2 million
3.2 million

0.5
–
0.5
–
1
1
1
1
1
–
1
1

Table 3.1: Properties of computational domains used in the simulations.
A hybrid structured/unstructured type mesh strategy was applied to all the
computational domains used in the fully-coupled simulations. The first mesh cell
size was set to 0.001ft (y+ = 20 ∼ 30) where the viscous boundary condition is
applied. A constant 1.1 cell growth rate applied in the normal direction to the
ground surface until the grid sizes reach 0.5 ft or 1.0 ft depending on the case
(Figure 3.1). After this point, mesh resolution was kept at a constant resolution
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given in Table 3.1. The Pointwise mesh generation software was used to generate
all the computational domains.
In the open-domain hover OGE/IGE cases, subsonic inflow/outflow conditions
are applied to far-field regions. For the hover OGE cases, an outflow boundary
condition is applied to the bottom of the domain. The rotor plane is centered at the
origin. Uniform grid distribution (Fig. 3.1) is applied around the rotor disk plane
to increase the resolution/accuracy of the flow field calculations. For the hover IGE
cases, ground surfaces were designated as viscous wall boundaries and the subsonic
inflow/outflow boundary applied to the far-field regions. For the partial ground
cases with the SFS2 partial flight deck geometry, the ship body and sea surface
was designated as no-slip and slip boundary conditions, respectively. A finer mesh
topology was created on the regions close to the rotor location and the terrains to
capture the detailed flow characteristics of the helicopter/terrain interactions.

Figure 3.1: Computational domain used for hover IGE cases without ship.
In the SFS2 ship cases, the ship body and sea surface were designated as no-slip
and slip boundary conditions, respectively. The subsonic inflow boundary is applied
to the inflow and far-field regions. The full-scale (455ft x 455ft x 55ft) SFS2 ship
model is used. Since the size of the helicopter model (used for coupling) is relatively
small compared to the ship structure, a finer mesh topology should be created
over and behind the ship deck to capture the detailed flow characteristics of the
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ship airwake [93]. Therefore, the unstructured grid was clustered over the flight
deck and behind the superstructure, for a region extending about one ship-length
downstream.
Figure 3.2 shows the schematic of different simulation scenarios presented in
this thesis. These are:
1. Hover OGE : A 500ft x 500ft x 500ft computational was used for this case.
The helicopter was centered at the origin of the computational grid and
inflow/outflow boundary applied to the far field regions. Fully-coupled flight
simulations were performed for 30 seconds.
2. Hover IGE : For these cases, the computational domain used for the Hover
OGE case was truncated and the bottom surface of the domain was designated
as a viscous wall boundary. Fully-coupled simulations were performed for 30
seconds for a helicopter hovering at 3 different altitudes: 0.5R, 1.0R and 1.5R.
For the same cases, the rotor location was at 0.73R, 1.22R and 1.75R height
above the ground.
3. Sloped Ground: Two different computational domains were generated for these
cases: a) 5◦ sloped ground, b) 30◦ sloped ground. Fully-coupled simulations
performed for 30 seconds at two different altitudes: 1.0R and 1.5R.
4. Hover over Partial Ground: The SFS2 ship model used as a partial ground,
and fully-coupled simulations were performed for 30 seconds for a helicopter
hovering at 1R above over three different locations. These are: a) over port
edge of ship flight deck, b) over aft edge of ship flight deck, and c) over flight
deck near hangar wall.
5. Acceleration near Ground: 30 seconds of fully-coupled simulations were
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performed for a helicopter accelerating from hover IGE to 10 knots forward
speed while keeping its altitude at 1R above ground.
6. Hover over ship flight deck: 30 seconds of fully-coupled simulation were
performed with 25 knots (12.86 m/s) free stream at 0◦ WOD for a helicopter
hovering at 1.0R above the SFS2 ship flight deck with ship airwake effects.
Results were compared with no-coupling (w/o airwake) and one-way coupled
(w/ airwake database) simulations.
7. Approach to ship flight deck: 40 seconds of fully-coupled simulation were
performed with 25 knots free stream at 0◦ WOD for a helicopter approaching
the SFS2 ship flight deck with ship airwake effects. Results were compared
with no-coupling (w/o airwake) and one-way coupled (w/ airwake database)
simulations.
All the CFD simulations presented in Chapter 4 were performed with the
CRUNCH CFD unstructured Navier-Stokes solver. The CRUNCH CFD solver
has been extensively used and validated for ship airwake flows [86], and has been
applied to coupled aircraft/ship dynamic interface simulations including aircraft
recovery on a ship [85]. The basic numerical framework of the solver is a finitevolume second-order Roe/TVD scheme in which the flow variables are defined at
the vertices of the mesh. An edge-based data structure is employed wherein a
polyhedral control volume is constructed from the union of all cells incident to a
given node, and the control volume faces are associated with each edge. For the
unsteady simulations, an explicit subgrid-scale turbulence model was not applied,
and the unresolved scales of turbulence were implicitly modeled using MILES,
which has been shown to be adequate for airwake simulations and reduces the
computational cost of the simulations [45, 85, 86].
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Figure 3.2: A schematic of simulated cases and location of helicopter.
Note that, MILES simulation results are highly sensitive to the grid resolution.
The primary objective of the coupled ship airwake simulations presented in this
study is to capture the effect of unsteady flow on the flight dynamics of the helicopter.
For the simulations presented in this study, this approach was used to resolve the
ship airwake, and the larger recirculation and wake interaction effects of the rotor
with ground and deck structures. The simulations resolve the eddies on the order
of rotor radius. The smaller scale effects such as rotor tip vortex are not being
resolved.
The unstructured solver’s robustness on body-fitting grids and ability to take
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larger time steps is very useful for the non-real-time fully-coupled CFD and flight
dynamics simulations. However, real-time simulations require the efficiency and
computational speed-up that a structured solver can provide. Therefore, all of
the CFD calculations presented in Chapter 5 are performed with CRAFT Tech’s
structured CFD solver, CRAFT CFD. CRAFT CFD is a multi-block, structured
grid Navier-Stokes solver with options of higher-order spatial accuracy and advanced
turbulence modeling capabilities including k −  with specialized corrections, Scalar
Fluctuation Models (SFM), and turbulence transition models for both onset and
transition length prediction with a support of 2nd-order ADI time marching [94].
Real-time/near-real-time CFD calculations will be discussed in Chapter 5.
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Chapter 4 |
Coupled Flight Dynamics and CFD Simulations

The following simplifications are applied in this study:
• Compressibility effects of the rotor flow are neglected.
• The interaction of the ship airwake with the atmospheric conditions, including
the atmospheric boundary layer (ABL), is ignored.

4.1 One-way Coupled Flight Dynamics and CFD Simulations
In one-way coupled simulation approach, the flow field is solved offline without the
presence of the helicopter rotors, assuming that it is decoupled from the rotorcraft
aerodynamics. Within the piloted flight simulation, the flow velocities from the
computed turbulent ship airwake are re-played into the aircraft aerodynamic model
via look-up tables, assuming simple superposition of the airwake flow and induced
flow from the rotor. One-way coupled simulation basically trades intensive CPU
computations for data storage. All the data need to be stored to play into the
simulation. But doing this allows easy real-time implementation, while ignoring
coupling effects.
As mentioned before, GENHEL-PSU has a separate “ship airwake module” for
one-way coupling simulations developed in a previous study [17]. This module
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runs as a separate code to read the external CFD ship airwake data from a lookup
table and then communicates with the GENHEL-PSU helicopter simulation. For
one-way coupled simulations, the airwake module sends the ship airwake data to
GENHEL-PSU and this data is used as gust perturbations during helicopter flight
dynamics calculations.

Figure 4.1: Unstructured to structured grid conversion.
The preparation process of the ship airwake database includes several steps.
The initial step is to record the time-history change of the ship airwake for the
region of interest in the computational domain. The CFD data need to be stored
with a sampling rate (typically 1-2 Hz - 0.1-0.2 seconds) that is small enough to
capture the main characteristics of the airwake for a period time. The region of
interest is usually located downstream of the ship super-structure, above the ship’s
flight deck and along the approach path, and the location of this region is usually
unique to the specific ship model. The sub-domain data can be exported from the
full computational domain using a post-processing tool such as Paraview, Fieldview,
etc. If the unstructured mesh is used, then this data needs to be converted to a
3-D structured look-up table by interpolating the data to a predefined structured
domain.
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In order to create a baseline for the fully-coupled simulations for use in one-way
coupled simulations, two different time-history solutions of SFS2 ship airwake were
generated. An unsteady CFD simulation of the SFS2 ship airwake was performed
with 25 knots free-stream velocity at 0◦ and 30◦ WOD without the presence of
helicopter rotor. The 60 seconds of time-history data stored for every 0.1 seconds.
Later, a rectangular prism shape sub-domain behind the ship deck was subtracted
from the full domain, and unstructured data were interpolated onto a uniform
structured grid for more efficient data reading (Fig. 4.1).
Figure 4.2 shows the velocity distribution of SFS2 model at 0◦ and 30◦ WOD
conditions, and Fig. 4.3 shows the velocity distributions of the SFS2 model for
0◦ and 30◦ WOD conditions at the sub-domain which was used for creating the
one-way coupled airwake database.
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(a) 0◦ WOD

(b) 30◦ WOD

Figure 4.2: Iso-surface of vorticity colored by velocity magnitude of SFS2 ship
airwake at 25 knots free-stream and two different WOD conditions, simulation time
=30th sec.
In order to validate the accuracy of the CFD simulations, the results obtained
for the SFS2 model at 0 WOD condition were compared with the available timeaveraged measurement data on the off-body planes on the flight deck and the
superstructure regions, obtained from [93]. The wind tunnel tests were performed
with a 1:8.5 SFS2 ship model.
Figure 4.4 shows the comparisons of time-averaged streamwise non-dimensional
velocity distributions between the measured experimental data and the computation
on the 4 off-body planes over the ship flight deck. Figure 4.5 shows the quantitative
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(a) 0◦ WOD

(b) 30◦ WOD

Figure 4.3: Subdomain regions used for one-way coupled simulation airwake
database.
comparison of streamwise and vertical velocity distributions on three off-body planes
over the ship flight deck. The measured data is at 17 ft above the deck for the fullscale SFS2. The agreement is reasonable for the streamwise velocity components,
with some differences. Scale effects from the experiment might contribute partly
to the discrepancies. Even though the sideslip angle of the flow is zero and
the ship geometry is symmetrical, there is an asymmetry in both computed and
measured results, which is also observed by Zhang et al. [95] and S.A. Polsky [84].
The agreement for vertical velocity distributions is not as good as that for the
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(a) Experimental

(b) CFD

Figure 4.4: Time-averaged streamwise velocity distributions over deck at different
planes.
streamwise velocity. However, the general trends in the numerical results are correct
and results are acceptable for this project.
Figure 4.6 shows the comparison of time-averaged streamwise velocity distributions between experimental data and calculated data over the superstructure
of the ship. The plots show the measured data at 7.5 ft above the superstructure
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(a) Streamwise

(b) Vertical

Figure 4.5: Quantitative comparison of time-averaged velocity distributions over
deck at different planes. (SFS2 experiment data taken from [93])
of the ship. Figure 4.7 shows the quantitative comparisons of streamwise and
vertical velocity distributions over the ship superstructure. The numerical results
are in a good agreement with the measured data. There are some offsets between
the calculated and the measured data. The high numerical dissipation in CFD
and neglecting the small eddies in flow calculation might be contributing these
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(a) Experimental

(b) CFD

Figure 4.6: Time-averaged streamwise velocity distributions over superstructure at
different planes. (SFS2 experimental data taken from [93])
differences. However, the trend is correct and the numerical results are acceptable
for this research.
The developed SFS2 ship airwake databases were integrated with the GENHELPSU Ship Airwake module, and one-way coupled flight simulations were performed
using these airwake databases.
Figure 4.8 shows the time history of response in position, attitude, and the
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(a) Streamwise

(b) Vertical

Figure 4.7: Quantitative comparison of time-averaged velocity distributions over
superstructure at different planes. (SFS2 experimental data taken from [93])
control inputs of the simulated helicopter hovering near the ship flight deck at x =
-415ft, y = 35 ft, z = 50 ft. Simulations were performed for uncoupled, one-way
coupled 0◦ WOD, and one-way coupled 30◦ WOD cases. Simulation results show
that when the simulated helicopter is disturbed with the 30◦ WOD ship airwake,
the disturbances are larger in amplitude and fluctuate more frequently. Figure 4.8d
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(a) Positions

(b) Attitudes

shows the velocity components of the ship airwake disturbing the helicopter during
the simulation. It can be seen that the 30◦ WOD ship airwake shows significantly
higher frequency fluctuations. It should be noted that, the flow characteristics of
the ship airwake are highly dependent on the position of the helicopter relative to
the ship flight deck. In these simulations, the helicopter is located at a position
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(c) Control Inputs

(d) Ship Airwake Velocity Components

Figure 4.8: Variations in dynamics of the simulated helicopter hovering near the
ship flight deck, at x = -415ft., y=35 ft., z = 50ft.
where the ship airwake is expected to be stronger because of the shedding vortices
from the superstructure of the ship, originated from the cross winds.
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4.2 Fully-coupled Flight Dynamics and CFD Simulations
Simulation results were performed using fully-coupled solutions of the rotorcraft
flight dynamics and CFD flow field. First, a Gaussian sensitivity test was performed
to determine the Gaussian distribution factors with a suitable choice of grid
resolution. The results of a Gaussian sensitivity test can be found in Appendix B.
Then, free-flight simulations with the NLDI controller were performed for several
different flight scenarios, including a helicopter hovering in an open domain at IGE
and OGE conditions, accelerating near ground, forward flying at various speeds,
and hovering over the SFS2 ship flight deck without airwake. Finally, simulations
of a hovering over the ship deck and approaching the SFS2 ship flight deck with
airwake were performed. All these calculations were performed on Penn State’s
COCOA4 and COCOA5 clusters.

4.2.1 Hover in an Open Domain
In these simulations, the helicopter hovers in an open domain both in and out
of ground effect. Fully-coupled simulations were performed for 30 seconds. The
simulations start in freeze-mode, in which the helicopter body is held at a specific
position in the air and the rotor blades move freely. At the beginning of the
simulation, GENHEL-PSU uses Pitt-Peters finite-state inflow model to trim the
helicopter and sends the calculated blade positions and aero loads to the flow
solver as initial values. After the initialization, GENHEL-PSU starts to use the
CFD-predicted induced velocities to calculate the blade loads, but the helicopter
stays in freeze-mode for a couple of seconds. This buffer phase helps the CFD
solver to develop the rotor downwash and prevents potential CFD convergence
problems. When the CFD calculated inflow values start to converge to a reasonable
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value, GENHEL-PSU enters to free-fly mode. In this mode, both the helicopter
and the rotor disk move freely while GENHEL-PSU and the CRUNCH CFD solver
are fully-coupled to each other. The flight controller helps to regulate the aircraft
and it reaches a new hover trim condition. In this simulation, no external gust is
applied to the helicopter. However, the nature of time-averaged inflow calculations
in CFD generates minor disturbance to the aircraft itself.

(a) Rotor plane

(b) Downwash

Figure 4.9: Induced velocity distributions for Hover OGE and Hover IGE flight
conditions.
Figure 4.9a and Fig. 4.9b show the velocity distributions on the rotor disk and
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downwash planes when the helicopter hovers OGE and IGE, respectively. When the
helicopter is hovering, the rotor has a zero forward and vertical speed. Therefore,
the flow distribution around the rotor disk is azimuthally axisymmetric [9]. In
Figure 4.9a it can be seen that the induced flow distribution shows an almost
uniform distribution. The highest induced flow occurs at 75-85% radial blade
position, and the induced flow drops significantly at the blade tips. In hover flight,
the average predicted rotor downwash velocity is about 15 m/s (Fig. 4.10), which
is slightly higher than what is predicted by the 3-state Pitt-Peters inflow model
( 12 m/s). The average downwash predicted by the Pitt-Peters inflow is essentially
equivalent to idealized momentum theory, and is expected to be slightly low. Note
that, this is a hover case and the main rotor thrust is equal to the helicopter weight.
Therefore, CT remains constant for all the cases.

Figure 4.10: Time-averaged induced downwash velocity distribution on advancing
rotor blade for fully-coupled CFD.
Figure 4.11 shows comparisons of the change in the dynamics response of
uncoupled hover OGE and fully-coupled hover IGE and OGE simulation cases. The
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time-history response in position, attitude, and control inputs of the closed-loop
helicopter are presented. For the coupled cases, there is a transient in the response
of the helicopter as it enters free-flight. The NLDI controller must then re-trim the
helicopter, which it successfully does within several seconds, while the helicopter
only drifts a few feet from the original hover location.

(a) Positions

(b) Attitudes

The coupled results also show a dynamic behavior for the In Ground Effect
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(c) Control Inputs

Figure 4.11: Variations in dynamics of the simulated helicopter in Hover OGE and
IGE.
(IGE) condition. As can be seen from Figure 4.11b, there are fluctuations in the
attitude response of the helicopter with a period of approximately 5 seconds. The
oscillations result in a small amount of ’wobbling’ in the aircraft position as well as
control responses in reaction to the disturbances. The impact of the fluctuation is
much more active in the roll dynamics of the helicopter (because this axis has the
lowest inertia). Experimental studies have shown that a significant perturbation
to the flow near the rotor blades is caused when the wake of a helicopter rotor
interacts with the ground [96]. Minor oscillations when hovering in ground effect
have also been observed by pilots. If these solutions are accurately predicting this
phenomenon, it shows the potential of using coupled simulations to analyze ground
interaction effects. Especially during the transitional flight, the interaction between
the main rotor flow and the ground vortex can have a crucial effect on handling
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qualities. Curtis [97] defined two distinct flow regimes when the rotorcraft wake
interacts with the ground during low-speed flight:
1. Recirculation of the wake ahead the rotor at very low advance ratios, causing
additional inflow through the forward part of the rotor [97]. (Re-circulation
Regime)
2. Formation of a horseshoe ground vortex under the rotor at higher advance
ratios with its associated interactions [97]. (Ground Vortex Regime)

Figure 4.12: Flow vector field distribution of the helicopter in hover IGE, 25 ft
(approximately 1R) above the ground.
Figure 4.12 shows the flow vector field distribution of the helicopter hovering
IGE. A large outflow induced recirculation region, outside of the rotor tips, can be
observed from the figure. The fluctuations observed in the coupled simulation might
be associated with the recirculation flow regime cited by Curtis [97]. Validation data
are required to fully understand, if this is an accurate model of this phenomenon.
The flight dynamics behavior of the helicopter in IGE condition will be discussed
more in details in next three sections.
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4.2.1.1

Validation with Test Data

Fully-coupled flight dynamics and CFD simulations of a helicopter hovering in an
open domain in ground effect have been performed for three different altitudes
above ground. For all three cases, the same computational domain and flight
dynamics model have been used. Unsteady simulations were performed for 30
seconds. A similar coupling strategy has been applied as described in the previous
section (Freeze-mode in the beginning for better transient to Free-Fly mode).
The CFD results have been compared with experimental data from a recent
work [2]. Figure 4.13a shows the comparison of non-dimensional outwash velocity
profiles obtained from CFD and experimental data at ψ = 270◦ , CT = 0.006, and
the radial stations indicated. The experimental data were measured at z/R = 1.14
above a ground level (AGL). An airframe model and 6 ft. radius rotor blades were
used in the tests, whereas the CFD simulations were performed at z/R = 1.22 AGL
and effectively simulate an isolated rotor (there is no fuselage influence in the CFD
solutions) with a radius of 26.8f t. Figure 4.13a shows that for a rotor height of
z/R=1.22 AGL, CFD predicts the peak outwash velocity occurring between 1.5-1.6
r/R. For a rotor at z/R = 1.14 above ground, the experimental results show 1.8Vh
maximum outwash velocity. However, the maximum outwash velocity observed in
CFD predictions is 1.6Vh .
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(a) Nondimensionalized mean outwash velocity profiles obtained from CFD and experimental data at z/R = 1.22 (CFD)
and z/R = 1.14 (Exp.), ψ = 270◦ and CT = 0.006 and radial
stations indicated.

(b) Nondimensionalized mean outwash velocity profiles for the
model at CT = 0.006, r/R = 1.0 and z/R = 1.22 (CFD) and
z/R = 1.14 (Exp.) at different azimuth locations.

Figure 4.13: Nondimensionalized mean outwash velocity profile comparisons between CFD and experimental.
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(c) Nondimensionalized mean outwash velocity profiles for the
model at CT = 0.006, r/R = 1.5 and z/R = 1.22 (CFD) and
z/R = 1.14 (Exp.) at different azimuth locations.

Figure 4.13: Nondimensionalized mean outwash velocity profile comparisons between CFD and experimental.
Figure 4.13b and Figure 4.13c show the comparison of mean non-dimensionalized
outwash velocity profiles obtained from CFD and experimental at z/R = 1.22 (for
CFD) and z/R = 1.14 (for Exp.), CT = 0.006 and different azimuth locations
indicated for two different radial stations, r/R = 1.0 and r/R = 1.5 respectively.
The experimental results show that the mean outwash velocity varies with respect
to the measurement azimuth. For an ideal hover with no tip-path plane, zerohub moment, and no interactions with the airframe, it would be expected that
the outwash flowfield be perfectly axi-symmetric. The azimuthal dependency on
experimental results was explained by Tanner [2] as a result of airframe/rotor
downwash interaction. In our case, the CFD has been performed with an isolated
rotor, and it can be seen in Fig. 4.13b and Fig. 4.13c that the outwash velocities
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are essentially identical at 0 and 180 azimuth degrees. There is some difference in
CFD outwash at the 270 azimuthal location. This is a result of the fact that the
helicopter trim is such that the tip-path plane is not perfectly parallel to the ground
plane and the TPP is slightly tilted left side down such that the main rotor thrust
is towards the left and counteracting the tail rotor thrust to the right. However,
the general trends in the numerical results are acceptable for this research.
Peak outwash velocities and fluctuations were studied for the case z/R = 1.22
at the r/R = 1.5 radial station and ψ = 270◦ azimuthal location. For this case, the
peak velocity (54 knots) was found to be 123% of the mean (44 knots) outwash
velocity and peak to trough velocity in the example varies by as much as 10
knots (∼ 25% of the mean velocity). Ferguson studied [98] the outwash velocity
fluctuations for a CH-53E helicopter (relatively bigger helicopter than UH-60, 39.5ft
rotor radius, 56000 lbs gross weight) and measured 64 knots and 53 knots average
outwash velocities, at 3 ft and 5 ft respectively. Similarly, peak-to-trough (highest
point to lowest point) velocity in the example was found to be varying by as much
as 35 to 45 knots (∼ 65% to 90% of the mean velocities), which is relatively higher
than our simulation results. This might be a result of using an azimuthally averaged
rotor wake that averages out details of the vortical wake structures.

80

(a) Positions

(b) Attitudes

Figure 4.14: Variations in dynamics of the simulated helicopter hovering IGE, at
z=0.5R, z=1R and z=1.5R.
Figure 4.14 shows the time history change of the response in position, attitude,
and control inputs of the closed-loop helicopter for the fully-coupled simulations
of hover IGE. The helicopter starts the simulations with the initial trim values
calculated by using the Pitt-Peters inflow model. After the first 5 seconds of the
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(c) Control Inputs

Figure 4.14: Variations in dynamics of the simulated helicopter hovering IGE, at
z=0.5R, z=1R and z=1.5R. (cont.)
simulations, there is a transient in the response of the helicopter as it enters freeflight. The NLDI controller must then re-trim the helicopter, which it successfully
does within several seconds, while the helicopter only drifts a few feet from the
original hover location. Note that the CFD inflow model tends to predict higher
collective trim values than the simulation with the Pitt-Peters inflow model (even
when CFD calculations include ground effect). The CFD solution of the inflow
includes non-uniform inflow effects not seen in the linear Pitt-Peters inflow model.
Thus, the Pitt-Peters inflow model over-predicts the thrust. When the coupling is
initiated in the simulation, the NLDI controller increases the collective pitch angle
to produce enough thrust to hold the helicopter in hover.
After the initial transient, the coupled results also show a dynamic behavior for
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the in-ground-effect (IGE) condition. As can be seen from Fig. 4.14b, there are
fluctuations in the attitude response of the helicopter with a period of approximately
5 seconds when it hovers at 1R above the ground. The oscillations result in a
small amount of “wobbling” in the aircraft position as well as control responses
in reaction to the disturbances. The impact of the fluctuation is most active in
the roll dynamics of the helicopter. This dynamic behavior is not predicted by the
standard simulation model with a conventional empirical ground effect model (and
no CFD). The oscillations could be due to disturbances from re-circulating flow or
due to coupling of the controller with roll-axis ground effects. It shows the potential
of using coupled simulations to analyze dynamic ground interaction effects.

4.2.1.2

Power Reduction in Hover

The power reduction, for a given thrust when the helicopter flies in close proximity
to the ground is a well-known physical phenomenon. The rotor slipstream tends
to rapidly expand as it approaches to the surface and this alters the slipstream
velocity, the induced velocity in the rotor plane, and the power and thrust of the
rotor [96] . Similar effects are seen in both hover and forward flight, but the effects
are strongest in the hovering flight state [9].
Figure 4.15 shows the main rotor power reduction for a helicopter hovering
(constant thrust) in ground effect at different heights above a flat ground plane.
The main rotor power required in ground effect was normalized by the main
rotor power required for the same helicopter hovering out of ground effect. All of
the fully-coupled simulations have been performed using the same computational
domain and Gaussian parameters which were calculated based on the guideline
presented in [60, 62, 65, 99]. Fully-coupled results are compared with experimental
data developed by Zbrozek [100], Hayden [101] and Lee& Leishman [102]. The
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z/R PIGE /POGE
0.55
0.782
0.65
0.798
0.73
0.835
1.00
0.892
1.22
0.911
1.75
0.965
Figure 4.15 & Table 4.0: Normalized power required for a helicopter hovering at
different altitudes above ground.
fully-coupled simulation results show similar trends in power reduction to the data
of Lee and Leishman, with as high as 22% power reduction at z/R = 0.55. The
trend differs from the classical ground effect model of Hayden, which shows a
steeper drop off on power for lower altitude (z/R < 0.6), but shows more favorable
comparison to the more recent experimental data. The developed tool provides
reasonable prediction of the power reduction due to proximity to the ground.

4.2.2 Hover in Partial Ground Effect
Fully-coupled simulations have been performed for a helicopter hovering over a ship
flight deck at three different locations. For all three simulations, the helicopter
was hovering at an altitude of 1R above the flight deck (based on the aircraft
CG). For the same cases, the helicopter rotor location was at 1.22R above the
flight deck. Fully-coupled simulations were performed for 30 seconds and the same
computational domain was used for all three cases.
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4.2.2.1

Hover in Partial Ground Effect over Port Edge of the Deck

In the first case, fully-coupled simulation were performed for a helicopter hovering
in partial ground effect over the port edge of the ship flight deck. Figure 4.16 shows
a schematic of the helicopter position relative to the ship flight deck.

Figure 4.16: A schematic of helicopter position relative to the ship flight deck:
hover in partial ground effect over port edge of the deck.

Figure 4.17a and Fig. 4.17b show the time-averaged velocity vector field
distributions around the helicopter rotor from two different views. Figure 4.17a
shows the time-averaged velocity vector field distribution viewed from aft of the
helicopter. It can be seen that one half of the main rotor is flying in the effect of
the ship flight deck at 1.22R while the other half is affected by the sea surface at
1.8R. So it can be said that different ground effects impact the rotor disk on each
half. Figure 4.17b shows the same helicopter from a different view angle. The rotor
downwash and ship hangar wall interaction can also be seen.
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(a) Aft view.

(b) Side view.

Figure 4.17: Time-averaged vector field distribution for a helicopter hovering at
z=1R in partial ground effect over port edge of the deck.

4.2.2.2

Hover in Partial Ground Effect over Aft Edge of the Deck

In the second case, a fully-coupled simulation was performed for a helicopter
hovering in partial ground effect over the aft edge of the ship flight deck. Figure
4.18 shows a schematic of the helicopter position relative to the ship flight deck.
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Figure 4.18: A schematic of helicopter position relative to the ship flight deck:
hover in partial ground effect over aft edge of the deck

Figure 4.19a and Fig. 4.19b show the time-averaged velocity vector field
distributions around the helicopter rotor from two different views. Figure 4.19a
shows the time-averaged velocity vector field distribution from the back of the
helicopter. It can be seen that the helicopter hovers in the effect of the ship flight
deck. The rotor downwash expands around the edges of the ship flight deck and
creates a recirculation region on both sides of the ship structure. Figure 4.19b
shows the same helicopter from a different view angle. It can be seen that half
of the rotor is in the effect of the ship flight deck and half is not, similar to the
previous case. There is also a recirculation flow regime in the front of the rotor;
however, recirculation is not as strong as seen in the previous case since the distance
to the hangar wall is much larger.
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(a) Aft view.

(b) Side view.

Figure 4.19: Time-averaged vector field distribution for a helicopter hovering at
z=1R in partial ground effect over aft edge of the deck.

4.2.2.3

Hover in Ground Effect over the Deck near Wall

In the final case, a fully-coupled simulation was performed for a helicopter hovering
in full ground effect over the ship flight deck. Figure 4.20 shows a schematic of the
helicopter position relative to the ship flight deck.
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Figure 4.20: A schematic of helicopter position relative to the ship flight deck:
hover in ground effect over deck near wall.

Figure 4.21a and Figure 4.21b show the time-averaged velocity vector field
distributions around the helicopter rotor from two different views. Figure 4.21a
shows the time-averaged velocity vector field distribution from the back of the
helicopter. It can be seen that the helicopter hovers in the full effect of the ship
flight deck. The rotor downwash expands through the edges of the ship flight deck
and creates a recirculation region on both sides of the ship structure. Figure 4.21b
shows the same helicopter from a different view angle. It can be seen that there is
a strong recirculation flow regime in front of the helicopter, which is a result of the
interaction between the helicopter downwash and the ship hangar wall.
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(a) Aft view.

(b) Side view.

Figure 4.21: Time-averaged vector field distribution for a helicopter hovering at
z=1R over flight deck and d=0.5R away from hangar wall, side view.

Figure 4.22 shows the time history change of the response in position, attitude,
and control inputs of the helicopter for the fully-coupled simulations of hover over
the three different locations of the flight deck. Figure 4.22a shows the change in
the position of the helicopter during fully-coupled simulation, and it is clear that
the position fluctuations are small enough that the general effects of partial ground
effect or wall effects will not significantly change during the simulation. Figure
4.22b shows the change in the attitudes of the helicopter during free-flight. It can
be seen that there are a lot of fluctuations in the roll dynamics of the helicopter,
as well as the pitch dynamics for all three cases. A similar attribute can be seen
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in the pilot input response of the helicopter in Figure 4.22c. In the near wall
case, the helicopter trims at a higher collective input compared to the two other
cases, even though it is in full ground effect. This behavior can be explained as
a result of a strong recirculation flow regime in front of the helicopter, which is
known to increase the mean downwash and results in an increase in the rotor power,
countering the ground effect [103].

(a) Positions

Figure 4.22: Variations in dynamics of the simulated helicopter hovering at different
locations and z = 1R above flight deck.
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(b) Attitudes

(c) Control Inputs

Figure 4.22: Variations in dynamics of the simulated helicopter hovering at different
locations and z = 1R above flight deck. (cont.)
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4.2.3 Hover IGE - Sloped Ground
Fully-coupled flight dynamics and CFD simulations were performed for a helicopter
hovering over a sloped ground with two different angles (15◦ and 30◦ at two different
altitudes (z/R = 1.0; z/R = 1.5). It should be noted that, for the sloped ground
cases, the helicopter rotor was located at z/R = 1.22 and z/R = 1.75, respectively.
Figure 4.23 shows the time-averaged velocity vector field distribution for a helicopter
hovering over 15◦ and 30◦ sloped grounds, respectively. The rotor downwash and
the sloped ground interaction can be seen from both figures.
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(a) 15◦ incline

(b) 30◦ incline

Figure 4.23: Time-averaged velocity vector field for a helicopter hovering over
a sloped ground with two different inclines at z/R = 1, side view (helicopter is
representative).
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(a) Positions

(b) Attitudes

Figure 4.24: Variations in dynamics of the simulated helicopter hovering IGE
over sloped ground with different angles, 15◦ and 30◦ , at different z = 1.0R and
z = 1.5R.

Figure 4.24 shows the time history change of the response in position, attitude,

95

(c) Pilot Inputs

Figure 4.24: Variations in dynamics of the simulated helicopter hovering IGE over
sloped ground with different angles, 15◦ and 30◦ , at different z = 1.0R and z = 1.5R.
(cont.)
and control inputs of the closed loop helicopter for the fully-coupled simulations
of hover IGE over sloped grounds with different angles at different altitudes. As
with the hover IGE cases start, an initial transient at t = 5 sec. can be seen, after
which the NLDI controller re-trims the helicopter.

4.2.4 Steady-state Forward Flight
The level-flight trim simulations have been performed using GENHEL- PSU coupled
with the CRUNCH CFD solver for different airspeeds, and the results were compared
to the US Army Aviation Engineering Flight (USAAEFA) test data [104] and the
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standalone GENHEL-PSU model.
Level-flight trims were determined for airspeeds from 0 to 100 knots in 20-knots
increments. A total of 90 seconds of free-flight coupled simulations were performed
for 6 different airspeeds. Initial trim states were obtained using the Pitt-Peters
inflow model and then the helicopter entered to free fly-mode when the simulation
starts. During the coupled simulations, at every time step, the GENHEL-PSU
sends the blade aerodynamic loads and positions to the CFD solver, and the CFD
solver returns back the local flow velocities. Then, GENHEL-PSU helicopter retrims itself to a new trim state. The aircraft configuration was set-up to duplicate
static-trim cases performed by Sikorsky to match USAAEFA test data. In order
to be consistent with the flight data, flight values of aircraft weight, c.g. location,
and constant main rotor speed (27 rad/sec) were changed accordingly (Table 4.1).
The simulations were performed at 5250 ft. density altitude. Not to ‘double count’
the aerodynamics effects on the rotor blade, the corrections factor terms defined in
GENHEL-PSU rotor module were removed. A NLDI controller was used to hold
the helicopter at a fixed position in the air. The control stick positions, aircraft
attitudes and main rotor required power are presented as a result.
Gross Weight
C.G. Station
C.G. Waterline
Density Altitude

16000 lb.
351.0 in.
231.5 in.
5150 ft.

Table 4.1: Modifications on UH-60 configuration.
In the CFD simulations, the same computational domain used for the hover
cases was expanded along with the +X axis since the downwash is expected to be
skewed along the downstream and used for the forward flight simulations (Figure
4.25). The refined mesh resolution region has also been tailored to cover the skewed
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rotor downwash. In forward flight cases, inflow and outflow boundaries were applied
to the surfaces in the upstream and downstream direction, respectively. A slip-wall
boundary is applied to the rest of the domain surfaces. Coupled simulations have
been performed for 90 seconds until the helicopter reaches a steady-state trim
condition.

Figure 4.25: Computational domain used in the CFD simulations for forward flight.

Figure 4.26 shows the rotor induced velocity distributions for the 20 knots
forward flight case. As it can be seen, the downwash is fully developed and tip
vortex and swirl generated by the blade rotation are reasonably modeled in the
simulations.
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(a) Side view

(b) Top view

(c) Aft view

Figure 4.26: Velocity magnitude iso-volume for 20 knots forward flight case.

Figure 4.27 shows the comparisons for level-flight trims obtained using the coupled GENHEL- PSU and CRUCNH CFD solver simulation, standalone GENHELPSU and USAAESA test data.
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(a) Attitudes

(b) Control Inputs

Figure 4.27: UH-60 Black Hawk level-flight static trim, control stick positions.

The agreement between the standalone GENHEL-PSU and the flight data is very
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good for almost all speeds except for a nearly constant pedal bias of approximately
0.5 in. to the right. Also, there is less agreement at lower speeds (because of the
rotor downwash, the measurements at lower speeds are not reliable. Previously, a
very similar behavior has been shown for the different versions of GENHEL in [104].
In the same study, all these discrepancies were explained as a result of the pilot’s
difficulty in achieving trimmed flight on the back side of the power-required curve
and the simplified modeling of the impingement of the main rotor downwash on
the fuselage and stabilator [104].

Figure 4.28: UH-60 Black Hawk level-flight main rotor power required.

As mentioned before, the GENHEL-PSU uses a simplified analytical model
(Pitt-Peters) for wake impingement calculations that relies on crude empirical
correction factors. All the correction factors are mostly implemented to match the
simulation results with the flight data. In fully-coupled simulations, we took out all
these correction factors, since we replace this simplified wake impingement model
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with a more accurate Navier Stokes calculations. As you can see, the agreement
between the coupled GENHEL-PSU and the flight data is as good as the standalone
GENHEL-PSU, except this time there is a constant pedal offset to the left (Figure
4.27b). There is still less agreement at lower speeds. The power required curve
is slightly better in the coupled simulations in Fig. 4.28. The difference between
the simulation and test data at lower speed become worse when the simulation is
coupled. However general trend is very similar for both simulation as well as the
test data.

4.2.5 Acceleration near Ground
Fully-coupled simulations were performed for a helicopter accelerating near the
ground. This flight state can also be described as a transition flight to forward flight.
The helicopter starts free-flight in hover at z/R=1R and accelerates to 10 knots
forward speed within 30 seconds of constant acceleration. The NLDI controller
controls the helicopter during free-flight and keeps the helicopter in the desired
flight path.
Figure 4.29 shows the change of vorticity magnitude during the simulation. It
can be seen that the rotor downwash develops and creates unsteady turbulent flow
near the ground. The CFD predicts complex effects of the rotor wake and the
interaction between rotor wake and the terrain.
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Figure 4.29: Vorticity magnitude variation over time for a helicopter accelerating
near ground.

Figure 4.30 shows the streamlines around the helicopter at 15 seconds of
simulation. At this point, the helicopter has 10 knots forward speed. A large
outflow induced recirculation flow region outside of the rotor tips can be observed
from the figure.
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(a) t = 7.5s.

(b) t = 10.0s.

(c) t = 15.0s.

Figure 4.30: Streamline distribution of rotor downwash of the simulated helicopter,
t = 15.0 sec.

Two different flow regimes were observed in visualization studies: 1) Recirculation regime 2) Ground vortex. The recirculation regime develops in very low-speed
forward flight as a part of the rotor wake flows forward and upward and recirculates through the rotor disk [103]. This is a large-scale flow feature with some
unsteadiness. The ground vortex regime is known as a very strong and concentrated
horseshoe vortex below the rotor disk, which develops as the speed increases and
the diameter of the recirculation pattern reduces. This flow regime is known to
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produce high upwash on the leading edge of the disk and creates irregular changes
in rotor hub moment [103].
Figure 4.31 shows the experimental evidence [97, 105–107] for the boundaries of
recirculation and ground vortex regimes summarized by [103]. At the end of our
simulation, the helicopter reaches a forward speed rate V /υh = 0.45 at an altitude
z/D = 0.6. So, our simulation is representative of the recirculation region. Further
investigation will be performed with a higher forward flight speed to investigate
the ground vortex regime and its possible effects on the flight dynamics.

Figure 4.31: Domains of recirculation and ground vortex regime [103]
Figure 4.32 shows the time history change of the response in position, attitude,
and control inputs of the helicopter for the fully-coupled simulations of acceleration
near the ground. Fully-coupled simulation results have been compared with the
no-coupling case. For the non-coupled simulations, the Pitt-Peters inflow model was
used to predict the rotor induced inflow. It can be seen that when the simulation
is fully-coupled, there are fluctuations in the helicopter dynamics. However, these
fluctuations are not as strong as we saw in the hover IGE case.
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(a) Positions

(b) Attitudes

Figure 4.32: Variations in dynamics of the simulated helicopter accelerating IGE
at z = 1R above ground.
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(c) Pilot Inputs

(d) Airspeed

Figure 4.32: Variations in dynamics of the simulated helicopter accelerating IGE
at z = 1R above ground. (cont.)
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4.2.6 Hover over Ship Flight Deck (w/ Ship Airwake)
The fully-coupled simulations were performed for a helicopter hovering 15 foot
above the SFS2 flight deck with ship airwake effects. In order to compare the
fully-coupled simulation results, one-way coupled simulations were also performed
using the ship airwake database obtained by offline CFD simulation of the SFS2
ship model. The simulations were performed with 25 knots free-stream at 0◦ WOD
condition for 30 seconds for each case and results were compared. Figure 4.33 shows
the time history change of the responses in position, attitude, and control inputs
of the helicopter for the no-coupling (w/o airwake), one-way coupled (w/ airwake
database) and fully-coupled (simultaneous CFD solution of coupled airwake) cases.

(a) Positions

Figure 4.33: Variations in dynamics of the simulated helicopter hovering over the
SFS2 ship flight deck.
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(b) Attitudes

(c) Control Inputs

Figure 4.33: Variations in dynamics of the simulated helicopter hovering over the
SFS2 ship flight deck. (cont.)
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It can be seen that the controller holds the helicopter within ±5f t. range of the
original position despite the effects of the ship airwake. It can also be observed from
the attitudes and control inputs on both one-way and fully-coupled simulations
that there is a significant perturbation on the helicopter as a result of the ship
airwake. The fluctuations are slightly higher in frequency when the simulation is
fully-coupled, especially in the roll dynamics. Moreover, in fully-coupled simulations,
the helicopter requires slightly higher collective input than for the other two cases,
even though the helicopter is hovering in-ground effect. Previously, it was shown
that the developed model predicts the power reductions for a helicopter hovering
in-ground-effect significantly well. However, in this case helicopter requires more
power to hold its position within the ship airwake. When the helicopter is right
above the ship flight deck, there is a significant flow interaction between the rotor
downwash and the ship airwake, which results in a chaotic flow field around the
rotor disk and drops the rotor efficiency. Also the helicopter is imposed to a
recirculation flow because of the ship hangar wall. Similar behavior was seen in
Section 4.2.2.3, where the helicopter required higher collective input compared with
the other two cases.

Figure 4.34: Distribution of streamlines released from a horizontal line source above
the superstructure of the ship.
110

Figure 4.35: Distribution of shedding vortices from the superstructure of the ship
and helicopter downwash.
Figure 4.34 and Figure 4.35 show the distributions of vortices shedding from the
ship airwake and rotor downwash. As it can be clearly seen, there is a significant
interaction between the ship airwake and rotor downwash when the simulation is
fully-coupled.

4.2.7 Approach to a Ship Flight Deck (w/ Ship Airwake)
The fully-coupled simulations were performed with a helicopter approaching to the
ship flight deck with ship airwake effects. Figure 4.36 shows the approach flight
path of the helicopter during the simulation. A total of 40 seconds of simulation
have been performed (Phase I: 5 seconds in freeze-mode; Phase II: 35 seconds in
free-flight mode). In order to compare fully-coupled simulation results, uncoupled
and one-way coupled simulations were also performed using the same approach
flight path.
Figure 4.37 shows the time history changes of the helicopter response in position,
attitude, control inputs, and thrust of the helicopter as it approaches the ship
flight deck by following the given trajectory. The controller successfully tracks
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Figure 4.36: Flight path used in ship approach simulations.
the commanded flight trajectory, and holds the helicopter position (Fig. 4.37a)
within ±5f t. of the desired path. When the simulations is coupled, there are
lots of fluctuations on the roll dynamics of the helicopter (Fig. 4.13b), and the
fluctuations are relatively higher when the simulation is fully-coupled. Especially,
when the helicopter gets close to the ship deck (after t = 25 sec.), these fluctuations
increase and the helicopter starts to roll more to the left. Figure 4.37d shows the
variations of rotor thrust calculated for all three cases. It can be observed that
after the 25th second of the simulation, the thrust values on both one-way coupled
and fully-coupled cases start to fluctuate. The fluctuations are significantly higher
(about 15 − 20% change in the rotor thrust) in the fully-coupled case as a result of
ship airwake and rotor downwash interactions.
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(a) Positions

(b) Attitudes

Figure 4.37: Variations in dynamics of the simulated helicopter approaching to
SFS2 ship flight deck.
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(c) Control Inputs

(d) Thrust

Figure 4.37: Variations in dynamics of the simulated helicopter approaching to
SFS2 ship flight deck. (cont.)
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Chapter 5 |
Towards Real-time Pilot-in-the-Loop CFD Simulations

This chapter presents the efforts toward real-time pilot-in-the-loop CFD simulations.
Several improvements have been done on the coupling interface since the beginning
of this project. The initial coupling approach method, file Input/Output (I/O),
was replaced with a more efficient communication method, Multiple Program
Multiple Data (MPMD) Message Passing Interface (MPI) framework. In order
to increase the source term searching, an octree search algorithm was replaced
with a more efficient k-d tree search algorithm. The source term search space
was restricted to a smaller region where the rotor elements are expected to be.
Moreover, the unstructured Navier-Stokes solver CRUNCH-CFD was replaced with
a structured Navier-Stokes solver CRAFT-CFD. In order to quantify the speed-up
of the improvements to the coupling interface, a study was performed and results
are presented. A demonstration of a PILCFD simulation was performed using the
Penn State VLRCOE flight simulator and COCOA5 computing cluster. Finally,
the requirements for a practical fully-coupled real-time DI simulation are discussed.
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5.1 Improvements to the Flight Dynamics / CFD Coupling
Interface
5.1.1 Multiple Program Multiple Data (MPMD) MPI Framework
As discussed before, initially, data exchanges were performed using file I/O, where
data were written to disk during output and read from disk on input. These
disk operations are generally very inefficient and system dependent. As speed
improvements are required toward real-time computations, a more efficient data
exchange method would be needed. Data exchanges between two independent
solvers without file I/O is achievable as long as the data exist in memory and is
accessible between the solvers.
One way of doing this is condensing the GENHEL-PSU code into a library
consisting of Application Program Interface (API) functions that need to be called
at appropriate times. However, in addition to the complexity of resolving the code
to callable routines, many different portions of the code not involving the data
exchanges need to be called by the parent CFD solver simultaneously as other CFD
tasks by dedicating one processor task to make the API calls.
An alternate method that was eventually chosen requires having the two solvers
operate in a MPMD MPI framework. The two solvers are independent executable
which are operated through common MPI execution. In order to enable conversion of
these independent solvers to this MPMD framework, the underlying data exchange
MPI calls are need to be correctly implemented. The GENHEL-PSU, due to its
fast computational performance, requires no data parallelization and hence remains
a serial solver. Therefore, converting GENHEL-PSU to the MPMD MPI framework
required the introduction of an MPI front end module, which enables the passage of
data between itself and the CFD solver. However, within the GENHEL-PSU portion
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of the execution, tasks are not parallelized and maintain their serial execution code.
A schematic of this MPMD approach is shown in Figure 5.1. When the both solvers
are executed using MPMD with N total processors, the global MPI communicator
is split so that N-1 processors are assigned for the CFD solver to form the CFD
communicator, while 1 process is assigned for GENHEL forming the counterpart
GENHEL communicator. A new module representing the GENHEL-PSU’s MPI
front end handles the sending and receiving of the data streams. Data exchanges
are performed by linking the first CFD processor - the "manager" - to the sole
GENHEL-PSU processor to form an intercommunicator.

Figure 5.1: Schematic of MPMD MPI execution framework.
Within the CFD communicator, data received by the “manager” is communicated to the “worker” processors by broadcast operations. The searches are
performed in parallel, with host processor and nearest grid point being stored at
the end of the search. At the end of the CFD time step, the velocity at the nearest
grid point for each rotor element is gathered back to the “manager” and then
transferred over to GENHEL-PSU.
The use of the MPMD approach has several advantages. When MPMD is used,
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both GENHEL-PSU and the CFD solver remain as separate executables. This
feature allows us to change the CFD solver and keeps both separately. Moreover,
the reliance on file system read/writes which is a highly dependent system hardware
operation is removed. Benchmark studies of the MPMD implementation have
shown performance improvements of up to 60% depending on the number of source
points being exchanged and the performance characteristics of the file system and
interconnect on the computing platform (see the Efficiency and Performance Study
presented below).

5.1.2 kD-tree Search Algorithm and Bounding Box Method for Source
Term Searching
One of the limiting procedures involved in rotor-aerodynamic coupling is the search
for grid points at which rotor elemental sources are applied and where velocity is
queried. Previous capability of the search in the CFD solver was restricted to the
octree search algorithm. However, it is known that the k-d tree search algorithm
offers better performance given the same amount of data (grid size) [108].
However, these results are contingent on searching the entire CFD domain.
Restricting the search space to a smaller region close to the helicopter where the
rotor elements are expected to be would provide a further speedup. Therefore, this
improvement was implemented by allowing this space to be defined as a compact
cylindrical region based on the rotor axis, radius, and cylinder height. The origin
of the cylinder is defined to be the rotor hub, since it would be the center of all
rotor elements. As the helicopter responds to the GENHEL-PSU flight dynamics,
it moves through the computational domain. As a result the rotor hub location
will change at each time step where data exchanges occur. This information is
communicated from GENHEL-PSU to the CFD solver to update the search region.
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This improvement results in search speed-ups of up to 50% for a typical test case
than if a full grid is provided for the search space.
One of the bottlenecks associated with the current MPMD approach described
in Figure 5.1 is that the task of searching for the nearest grid points, which itself is
not trivial and does not occur in parallel with the CFD solution of the flow field.
To be specific, this means that these tasks are contingent upon the other to finish
prior to getting called itself. One way to circumvent this problem and parallelize
the tasks is to perform the search concurrently as the CFD flow field is being solved.
This would however require that the nearest grid points found at a given time step
will be ready for source application and velocity sampling at the next time step.
As a final improvement, the search task was parallelized with the CFD solver tasks
within the solver.

5.1.3 Structured Solver in the Simulations
CRAFT Tech’s computational fluid dynamics solvers, CRUNCH CFD® and CRAFT
CFD® , were interchangeably used for obtaining flow solutions. As mentioned before,
CRUNCH CFD® is an unstructured multi-element solver with second-order spatial
accuracy, while CRAFT CFD® is a structured solver with options of higher-order
spatial accuracy.
The unstructured solver’s robustness in body-fitting grids and ability to take
bigger time steps is very useful for the non-real-time fully-coupled CFD and flight
dynamics simulations. However, real-time simulations require the efficiency and
computational speed-up that a structured solver can provide. Therefore, the
PILCFD calculations have been performed with CRAFT Tech’s structured CFD
solver, CRAFT CFD® .
While the efficiency and computational speed-up that the structured solver
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provides is invaluable, it generally is less tolerant, from a stability point of view, of
the larger time steps that are required in the march towards real-time computation.

5.1.4 Efficiency and Performance Study
To quantify the speed-up of the improvements to the coupling interface described
above, a study was performed to demonstrate the speedup achieved from each of
the interface improvements. The demonstration simulation consisted of a fixed
rotor hovering in an open domain using a structured 1.7 million-cell grid. The use of
a structured grid allowed it to be solved by both the unstructured CRUNCH CFD®
solver and the structured CRAFT CFD® solver. For the purposes of the timing
comparison demonstrations, a simplified blade-element momentum (BEM) model
was used as a stand-in for the rotor in place of the full helicopter simulation to
represent the fixed rotor, while using the same interface to couple the two codes. At
each time step, a total of 11000 points (blade element locations) are searched, which
is approximately the number of points expected in the full CFD-flight dynamics
coupling simulations.
Running the coupled simulation with the original interface based on the file
I/O approach in the unstructured solver provided the baseline against which all
speedup improvements were measured. From this baseline, the speedup achieved
from each interface improvement was studied incrementally. First, the baseline file
I/O interface was improved with the MPMD method. In both cases, the octree
search method was used for locating the rotor points within the computational
grid, and the entire grid space was searched. The next two improvements that
were tested were the addition of a more efficient k-d tree search algorithm and the
bounding of the search space within a small region of the grid surrounding the rotor.
Next, the unstructured solver (CRUNCH CFD® ), which is 2nd -order accurate in
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space, was replaced with the faster running structured solver (CRAFT CFD® ) that
is 5th -order accurate in space. The final improvement was to parallelize the search
task with the CFD solver tasks within the solver.
The cases were tested on a Linux cluster using Intel Xeon 5530 Nehalem
processors (2.4 Ghz, 24 GB RAM) with nodes interconnected using 40 GBps
Infiniband. Software was compiled using the Intel compiler in conjunction with the
MVAPICH2 MPI software, which is tuned specifically toward Infiniband device
compatibility. In all cases, the CFD solver was allocated 200 processors (25 nodes
and 8 cores per node) and the BEM solver was allocated a single processor. Table
5.1 lists the resulting wall-time per iteration (time step), and the incremental
and progressive speedup for each interface improvement that was tested. Each
incremental improvement provided a positive speedup from the previous method.
The effect of switching to the MPMD framework for the coupling interface resulted
in a nearly 67% speedup. The more efficient k-d tree search algorithm provided a
further 68% speedup over the original octree algorithm. The bounding of the search
volume to a cylindrical zone surrounding the rotor provided a further 9% speedup.
The next, utilizing the faster running CRAFT CFD® structured solver increased
the speedup by nearly a factor of 12. This is attributed to the more efficient data
structure and numeric inherent in a structured solver. The last improvement of
parallelizing the search task with the CFD numeric provided an additional 9%
speedup. The total speedup of all these improvements from the baseline file I/O
method was nearly a factor of 41 as seen in the progressive speedup column of Table
5.1 and Figure 5.2. Disregarding the solver numeric, the total speedup of all of the
interface improvements including the MPMD rotor point exchange, k-d tree search
algorithm, bounded search space, and parallelized search task, was approximately
231%, more than a factor of 2.
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Solver

Interface/Search method

Average wall-time / Incremental
iteration(s)
speedup (x1)

CRUNCH
CRUNCH
CRUNCH
CRUNCH
CRAFT
CRAFT

File I/O(Baseline), octree, unbounded, sequential
MPMD, octree, unbounded, sequential
MPMD, k-dtree, unbounded, sequential
MPMD, k-dtree, bounded, sequential
MPMD, k-dtree, bounded, sequential
MPMD, k-dtree, bounded, parallel

3.83
2.30
1.37
1.26
0.0992
0.0912

1.66
1.67
1.08
12.70
1.09

Progressive
speedup (x1)
1.66
2.79
3.04
38.60
41.99

Table 5.1: Performance improvements due to various individual enhancements on
the CFD solver.

Figure 5.2: Schematic of MPMD MPI execution framework.

5.1.5 Grid Sensitivity and Performance Tests
To quantify the timing performance of the developed coupling tool on different
number of processors and the grid sensitivity of the helicopter dynamic response, a
study was performed to demonstrate the average run-time costs achieved from three
different computational domains and the dynamic response of the helicopter on each
computational domain. For this study, two different flight maneuvers were chosen:
i) Hover in an open domain, and ii) Approach to a simple backward-facing-step
(Fig. 5.3). These simulations were performed with a NLDI controller that was used
to track position commands while it is subjected to the disturbances due to the
coupling with the CFD flow field. For each case, three different computational
domains with different mesh resolutions at the rotor region were prepared.
The hover cases were performed with zero free-stream and using an open
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computational with domain grid sizes changing from: 550k, 700k, 5.98m while the
mesh resolutions were 4ft, 2ft and 1ft, respectively. During these simulations, no
external disturbance was applied to the helicopter body.

Figure 5.3: A simplified 3D backward-facing-step structure used in simulations.
The approach cases were performed with 25 knots freestream velocity and a
simplified 3D backward-facing-step structure to generate a simplified airwake within
the helicopter’s approach path. The computational domain sizes were varied from:
0.38, 1.2, 8 million grid cells, while the grid resolutions at the rotor disk region
were 4ft, 2ft and 1ft respectively.
Case

Case
Case
Case
Case
Case
Case

Flight
Grid size
maneuver (million)
1
2
3
4
5
6

Hover
Hover
Hover
Approach
Approach
Approach

0.55
0.70
5.98
0.38
1.20
8.00

Grid resolution around
rotor region (ft.)
4
2
1
4
2
1

Table 5.2: Simulation cases used to demonstrate grid sensitivity of the helicopter
dynamic response.
All these cases (Table 5.2) were performed on Penn State’s COCOA5 cluster,
which consists of a single master node and 47 computational nodes built on the
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7th generation of Proliant Servers from HP. Each computational node is built on
the DL165 platform and uses two AMD 6276 “Interlagos” 16-core processors, 32
cores per node, at 2.3 GHz (1,504 cores in total, introduced in Nov 2011). The
network communication between nodes is established using a low latency 20 Gb/s
Infiniband fabric [109].
Table 5.3 shows the achieved minimum execution times for each computational
domain used for two different cases.
Case

Case
Case
Case
Case
Case
Case

1
2
3
4
5
6

Number of
processor used

CFD time step
(sec.)

Wall time /
iteration (sec/ite)

Real-time
performance

704
640
960
352
604
928

0.01
0.01
0.005
0.01
0.005
0.005

0.033
0.0395
0.148
0.0291
0.0519
0.215

3.33x slower
3.9x slower
29.6x slower
2.91x slower
10.2x slower
43x slower

Table 5.3: Achieved minimum execution times for each computational domain.

Figure 5.4 shows the variations in the dynamics response of the simulated helicopter as it executes the landing approach maneuver behind the backward-facing
step. As is mentioned before, the NLDI autopilot controller holds the helicopter on
the desired trajectory. The “no-coupling” case represents the standalone GENHELPSU simulation without any airwake disturbance and it uses the Pitt-Peters inflow
model to predict the rotor downwash during the simulation. The remaining simulations represent the fully-coupled simulations performed with different computational
domains. As mentioned before, in fully-coupled simulation CFD models the rotor
inflow as well as the disturbance airwake velocity over the helicopter body.
When the coupling is first initiated, the rotor inflow has not developed in the
CFD domain. The flight dynamic simulation model has been previous trimmed
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(a) positions

(b) attitudes

Figure 5.4: Variations in the dynamic response of the simulated helicopter.
using a Pitt-Peters inflow model. Thus, there are some initial disturbances on the
simulation helicopter - the “Coupling Transient” as the rotor wake develops. These
disturbances causes significant changes in roll and yaw attitudes as can be seen in
Fig 5.4b. This disturbance is clearly not physical but an artifact of the coupling. In
any case, the controller helps regulate the helicopter and approach a trim condition
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(c) control inputs

(d) PSD of ship airwake vertical component

Figure 5.4: Variations in the dynamic response of the simulated helicopter. (cont.)
again. After about 40 seconds of simulation, the helicopter enters the ship airwake
and the observed fluctuations in the helicopter attitude.
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Figure 5.4d shows the power spectrum density of the vertical component of
the airwake gust. When 1.2 m. and 8m. grid cells are used, the CFD retains the
high frequency content much better than the coarser grid (especially, between 0.2
Hz to 2 Hz range, which is known to be important for helicopter pilot workload
and handling qualities [39]). Similarly, the dynamic response results show that
the fully-coupled simulation using the 4ft mesh resolution at the area of interest
shows the least airwake disturbance. The coarse mesh structure results in very
high dissipation in the flow solution and creates only minor disturbances on the
helicopter body. There is more consistency between the 1.2m and 8m cases, which
show similar levels of disturbance that are significantly more intense than the 0.38m
cell case. The disturbances for the higher resolution cases are similar for the first
half of the simulation when the helicopter is far behind the box structure. However,
results are different when the helicopter gets close the box structure. Figure 5.5
shows the comparisons of iso-volume of the velocity magnitude for the approach
case simulated with different mesh resolutions. As it can be seen from the Fig.
5.5a, the flow characteristics highly dissipated when 4ft mesh resolution is used.
The dissipation is relatively less when 1ft and 2ft grid resolution is applied.

5.2 Demonstrations of Pilot-in-the-Loop CFD Simulations
Several efforts were conducted towards the real-time PILCFD simulations. All these
efforts were performed with the Penn State VLRCOE fixed-based flight simulator
and the COCOA5 cluster. A new network configuration, as shown in Figure 5.6,
was setup between the flight simulator and the COCOA5 cluster. For the PILCFD
tests, the same computational domain as in Case 5 (Table 5.2) with 1.2 million
grid cells was used to resolve the same simplified shedding wake using a viscous
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(a) 2ft and 4ft mesh resolutions

(b) 1ft mesh resolution

Figure 5.5: Velocity magnitude iso-volume comparisons of approach case using 1ft,
2 ft and 4 ft mesh resolutions.
flow assumption with no turbulence model. The resolved scales of turbulence
were modeled using Monotone Integrated Large Eddy Simulation (MILES). The
helicopter dynamics simulation (GENHEL-PSU) was run on the head node of the
cluster, which enabled network communication ports outside the cluster network to
a Linux workstation working as an inter-communicator between the cluster and
the flight simulator network. The data share between the image generators, control
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loading system, and the cockpit display was managed by a shared memory block
synchronized over the local network.

Figure 5.6: PILCFD demonstration case network setup used between Penn State
Simulator and COCOA5 cluster.
Figure 5.7 shows the first PILCFD demonstration conducted at Penn State
VLRCOE flight simulator facility in early 2017. During the test, the pilot performed
a simple approach to a DDG-51 class frigate ship. The flight simulator was fullycoupled with the CFD simulation, which was running on 352 processors on the
COCOA5 cluster. The backward-facing-step structure aligned with the hangar
wall and ship flight deck surface of the ship model in the X-Plane flight software.
Thus the pilot used the hangar wall and the flight deck surface as a reference point
to keep the helicopter position within the limits of the refined region in the CFD
domain.
Figure 5.8 and Figure 5.9 show the flowfield distribution and the dynamic
response of the simulated helicopter during the simulation, respectively. As seen in
Figure 10, the 0.38 million grid is too coarse to capture the detailed rotor tip and
ship vortices. The ADM method cannot and does not attempt to capture this level
of flow detail. Like a finite-state inflow model, it simply captures the downwash
effects of the rotor, while it is assumed any blade vortex interactions are secondary
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Figure 5.7: The first PILCFD test at Penn State VLRCOE flight simulator facility,
early 2017.
to flight dynamics and handling qualities. It is also assumed that the interaction of
the tip vortices with the ship airwake will not have significant effect on the general
airwake structure that is important for flight dynamics and handling qualities due
of the large difference in scale of the vortex structures.
The CFD calculations (flow calculations + MPI data exchange) took about
0.029s to run a time step of 0.01 seconds. The GENHEL (0.01s time step) exchanged
data with the CFD every 2 steps. The joystick controller was set to a 0.02s update
interval, which gave a smooth response of the flight dynamics with the simulation.
The achieved average execution time of the simulation was roughly 3.0 times slower
than real-time.

Figure 5.8: Velocity magnitude distribution during the PILCFD demonstration.
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(a) positions

(b) attitudes

Figure 5.9: The changes in dynamic response of the helicopter during the PILCFD
demonstration at Penn State VLRCOE flight simulator.
During the PILCFD test, the pilot was not able to make a qualitative assessment
on the helicopter flying qualities, since the simulation was slower than real- time.
While from a computational perspective, the simulation execution speeds are getting
close to the real-time (within the order of magnitude), the flight still appears to be
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“slow motion” to the pilot, which results in significantly different experience that
real-time simulations.

5.3 Towards Practical Fully Coupled Real-Time Dynamic Interface Simulations
The ultimate goal of this project is to achieve real-time dynamic interface modeling and simulation with fully-coupled Navier-Stokes CFD and helicopter flight
dynamics simulation. Currently, a Pilot-in-the-Loop CFD simulation framework
was demonstrated for a simplified CFD wake case to establish the coupling interface
between the helicopter flight dynamics and the CFD solver within a near-real-time
simulation environment. In this demonstration, in order for the CFD solver to
perform at near-real-time execution speeds on an available Linux cluster, the CFD
case was run on a relatively small grid (0.38 million grid cells). The small grid
size allows the use of relatively higher CFD time steps (0.01 sec) but limited the
geometry of the wake generating structure to a simplified 3D backward-facing-step.
Coarser mesh resolution at the region of interest (in this case the region behind the
box structure) decreased the total number of grid elements in the computational
domain but resulted in spatial errors in the flowfield calculations. The coarse grid
prevented the full resolution of shedding vortices in the ship airwake. Moreover,
higher CFD time step created a growth of round-off errors, which caused numerical
instabilities in the CFD calculations. When the grid size is too small, the grid partitioning methodology also becomes a bottleneck. Other parameters such as CFD
solver scalability, network traffic, unoptimized code performance for the specific
hardware platform may also decelerate the execution performance of the simulation
code.
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Figure 5.10 shows the results of a recent benchmark study performed on the
new built super-computing cluster COCOA6. The tests were performed with the
same 3D simplified backward-facing-step using 0.38m and 1.2 million grid cells.
The COCOA6 computational nodes are built on two Intel Xeon E5 2650v4 12-core
processors, 24 per node at 2.2Ghz. The objective of the benchmark tests was to
identify the trade of between higher CPU frequency and higher core count on a
single node. Three different hardware configurations were used in the tests:
• 2 x 2.2 Ghz, 24 cores/node in total (original CPU clock speed and core count)
• 2 x 1.6 Ghz, 24 cores/node in total (CPU clock speed is downclocked to
1.6Ghz)
• 1 x 2.2 Ghz, 12 cores/node in total (CPU usage was restricted to one socket
per node)
Figure 5.10a shows the averaged execution times obtained with 1.2 million grid
cells and three different hardware configurations. For the same amount of core
count per node (24 cores/node), when the CPU clock frequency is increased from
1.6 GHz to 2.2 GHz (purple and blue lines), the average execution times drop
(36.46% wall-time drop) in almost exact proportion to the increase in CPU clock
speed (37.5% clock speed increase). However, for the same amount of CPU clock
speed, when a higher core count per node is used, the scalability curve (blue and
green lines) doesn’t change at all. Having fewer CPU cores per node (green line)
requires usage of a larger number of nodes to achieve equivalent core count, and this
is expected to create additional overhead associated with network communication
between nodes. However, the results showed that the network communication on
the Infiniband system resulted in negligible cost compared to the Navier-Stokes
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calculations, so that there was little cost associated with increasing the node count.
However, it should be noted that the maximum number of nodes used in this study
was 15, and the overhead might increase when going to a larger number of nodes.
(Note that, the maximum number of nodes used in these tests were only 15 and
moving to a higher number of node would result in increased network latency and
higher computing times. When the total execution times drop to 0.005 seconds,
the time spent for the network communication might become a big part of total
time, however, this is not seen when 15 computing nodes are used.)
Figure 5.10a shows that when 1.2 million grid cells and 360 CPU cores at
2.2Ghz are used, the lowest achieved execution time is 0.027 seconds/iterations (6x
real-time), while the CFD time step was 0.005 seconds. The scalability trend shows
that, increasing the number of processors would help to get close to the real-time
speeds for this case, however additional performance improvements on the CFD
solver might also be required. Figure 5.10b shows the average run-time achieved
from 0.38 million grid cells on different number of processors. The highest CFD
time step achieved in this case was 0.01 seconds; and the fastest achieved run-time
was 0.0121 seconds on 360 processor cores (1.2x real-time). At the time of this
test, there were only 15 nodes available. However, the trend curve shows promising
results towards achieving real-time execution speeds on this platform when 0.38m
grid cells are used.
To achieve a practical PILCFD simulation framework that can be used in piloted
simulations in the dynamic interface, future efforts will be focused on improving
the performance of the CFD computations so that a ship airwake model on the
order of 5-10 million grid cells can be included in the fully-coupled simulation frame
work. Such a grid is typical for un-coupled CFD solutions of ship airwakes and
can capture the large eddies produced by the flow over the ship. However, such a
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grid would not capture detailed tip vortices of the helicopter. The ADM method is
not designed to capture this level of flow detail, but just to model the larger ship
airwake structures and their interaction with the induced flow of the main rotor.
Implementation of denser grid described above will require significant speedup
of the CFD solver and will necessitate hardware solutions such as the application
of GPU technology and ongoing efforts to apply the latest HPC architecture to
increase performance. Network latency must be managed if connecting to remote
HPC platforms. Optimizing the solver for the cluster hardware architecture, using a
network and cluster platform dedicated for PILCFD simulation is also necessary for
additional performance efficiency. Additionally, efficient methods to visualize the
CFD flowfield during the piloted simulation will be beneficial to provide feedback
of the airwake dynamics to the pilot.
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(a) 1.2 million grid cells

(b) 0.38 million grid cells

Figure 5.10: Benchmark studies performed on COCOA6 computing cluster.
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Chapter 6 |
Conclusions and Future Work

6.1 Conclusions
The objective of this study is to compute the non-linear aerodynamic coupling
between the rotor flow and the surrounding environment using Navier-Stokes CFD
fully-coupled with flight dynamics calculations in such a way that execution times are
at real-times speeds. A particular focus of the research is on coupled airwake effects
in the helicopter / ship dynamic interface. In order to achieve real-time execution
speeds, a computationally efficient coupling interface has been developed between
the GENHEL-PSU helicopter flight dynamics model and the CRUNCH/CRAFTCFD Navier-Stokes solvers using FORTRAN and C/C++ programming languages
with a support of MPI parallel programming. The data exchange between two
executables was achieved by using a MPMD MPI framework. Several improvements
have been made to the CFD solver to obtain significant speedups. The developed
framework was compared with several different flight and experimental data, and
utilized for various investigations of forward flight and helicopter/terrain interaction
simulations including standard ground effect, partial ground effect, sloped terrain,
and acceleration in ground effect, in order to verify the coupling approach used. The
fully-coupled simulations are shown to be feasible, to exhibit reasonable physical

137

behavior, and to capture expected aerodynamic coupling effects. The network
framework for PILCFD simulations was introduced and the PILCFD simulation
framework was implemented and tested in the PSU Flight Simulation lab bringing
coupled CFD into a realistic flight simulation environment. A near-real-time pilotin-the-loop CFD simulation for a simple wake shedding case was demonstrated and
results are presented.
The following specific observations and conclusions can be drawn from this
investigation.
1. The integrated tool is relatively efficient, allowing us to explore many different
cases. Fully coupled flight dynamics and CFD simulations are more general /
predictive / physics-based way to model aerodynamic interactions between
the rotor and the airframe as well as the rotor and the surrounding terrain.
The simple models which using lookup tables to predict these aerodynamic
interactions are usually set up to match specific basic conditions, thus they
could fail in complex terrain interaction conditions.
2. The predictions of hover power reductions due to ground effect compare
well to Lee and Leishman’s recent experimental data [102]. The results
showed 22% power reduction for a hover flight z/R=0.55 above ground level.
Moreover, comparisons between the CFD flow predictions and the Tanner’s [2]
experimental results on rotor outwash. The CFD maximum outwash velocity
was found 10% less than the experimental data. The peak velocity (54 knots)
for a hover flight at z/R=1.22 AGL, r/R=1.5 radial station and ψ = 270◦
azimuthal location was found to be 123% of the mean (44 knots) outwash
velocity and peak to trough velocity in the example varies by as much as 10
knots (25% of the mean velocity).
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3. In hover flight, the average CFD predicted rotor downwash velocity is found
about 15 m/s, which is 25% higher than what is predicted by the 3-state
Pitt-Peters inflow model (12 m/s). However, the average downwash predicted
by the Pitt-Peters inflow is essentially equivalent to idealized momentum
theory, and is expected to be slightly low.
4. Fully-coupled flight dynamics and CFD simulations of the helicopter hovering
in IGE condition predicted roll oscillations due to interactions of the rotor
downwash, ground plane, and the feedback controller. These oscillations are
not predicted by the conventional simulation model. The tool has the potential
to predict unexpected ground interaction effects with vehicle dynamics and a
controller.
5. Use of fully coupled flight dynamics and CFD simulations for a helicopter
hovering over the flight deck near a wall appears to simulate a reduction in
the performance benefits of ground effect. This is due to the recirculation
flow that develops between the hangar wall and the helicopter rotor, which is
simulated by the fully coupled model.
6. Fully coupled simulations of a helicopter accelerating near ground appear to
predict flow formations similar to the recirculation and ground vortex flow
regimes observed in experiments. The helicopter trims at 3-4 degrees higher
pitch angle compared to no-coupling case and unsteady perturbations are
seen in the roll axis when simulation is fully coupled, as a result of the rotor
wake ground interactions, which can not be captured by simple empirical
rotor wake models.
7. The improvements made in the CFD solver showed almost 41 times speedup
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from the baseline file I/O and unstructured solver CRUNCH CFD with 2ndorder spatial accuracy. Using a structured CFD solver with 5th-order spacial
accuracy provided the largest reductions in execution times. Disregarding the
solver numeric, the total speedup of all of the interface improvements including
the MPMD rotor point exchange, k-d tree search algorithm, bounded search
space, and paralleled search task, was approximately 231%, more than a factor
of 2. All these improvements provided the necessary speedup for approach
real-time CFD.
8. The grid resolution around the rotor region has a significant effect on the
dynamic response and the induced flow predictions of the helicopter. Different
mesh resolutions result in different thrust predictions. Gaussian parameters
need to be tuned for each computational domain to have a consistent power
prediction. When the same computational domain with the same Gaussian
distribution parameters are used, the developed tool successfully captures the
impact of ground effect on the helicopter dynamics. Coarser grid resolution
results in higher dissipation in the flow solution, thus reducing the disturbances
on the helicopter. Airwake intensity is higher when the grid resolutions are
1ft. and 2ft., which in turn results in higher fluctuations in the helicopter
dynamics response.
9. The grid dependency discussed above is somewhat problematic for practical
uses of the tool for performance predictions. However, the simulation tool can
provide novel applications for predictions of dynamics and handling qualities.
The tool predicts disturbances due to terrain interactions that are not feasible
with current simulation models.
10. The achieved average execution time for a PILCFD simulation performed
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with the simple backward facing step using 0.38 million grid cells (4ft grid
resolution) and 352 processors on COCOA5 was roughly about 3 times slower
than real-time. However, the same case was repeated on a new built cluster
(COCOA6) with 360 processors and an average execution time of 0.0121 and
seconds/iteration was achieved (1.2x real-time).
11. To achieve a practical PILCFD simulation framework that can be used in
piloted dynamic interface flight simulation, it is estimated that at least 2 ft
grid resolution will be required in the airwake of the ship to capture general
coupled airwake effects on the approach. This could potentially be modeled
using 1-2 million grid cells, and real-time execution might be achieved with
only incremental improvement to a commodities-based computing cluster
with 500 to 1000 cores. However, to achieve high-fidelity airwake modeling
near the ship, a 1 ft grid resolution is likely needed, with on the order of 5-10
million grid cells (similar to grid sizes of airwake datasets currently employed
in one-way coupled dynamic interface CFD simulations). This would require
more substantial computing improvements or perhaps use of state-of-the-art
dedicated high-performance computing systems.

6.2 Future Work
This section discusses some of improvements that could be beneficial for this research
as a future study:
• The tail rotor and blockage effects of aircraft body: In the current version of
the developed tool, the CFD solution includes the effect of the main rotor
induced flow, but neglects the influence of the aircraft body and the tail rotor
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on the flow solution. The effect of tail rotor and possibly blockage effects of
the fuselage in CFD calculations could be implemented.
• Gaussian Distribution parameters : As discussed in the conclusion part, the
computational domain used in the CFD has significant effects on induced
flow velocity predictions, as well as power and thrust predictions. The
Gaussian parameters need to be tuned for each computational domain to have
a consistent power prediction, which is not practical. Development of a robust,
adaptive tuning algorithm to determine the optimal Gaussian parameters for
the specific computational domain as a part of the coupling interface could be
beneficial. Moreover, use of a 3D Gaussian shape function to distribute the
source terms span-wise could be helpful to obtain more accurate predicted
induced velocity values.
• In situ visualization : We desire to develop an in-situ visualization tool to
visualize the CFD calculated ship airwake and the rotor downwash during
piloted simulation. This can be done using the Paraview Catalyst library,
which is a data processing and visualization library that enables in situ
analysis and visualization [110].
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Appendix A|
Black Hawk UH-60 Helicopter

UH-60A BLACK HAWK
General
Overal Length
64.83 ft.
Gross Weight
16825.0 lbs
Fuselage Length
50.06 ft
Ixx
4659 slug-ft2
Wheel Tread
8.88 ft.
Iyy
38512 slug-ft2
Wheel Base
28.93 ft.
Izz
36796 slug-ft2
C.g. Position
STA: 355.0ft. , WL: 248.2 ft. Ixz
1882 slug-ft2
Main Rotor
Tail Rotor
Diameter
53.67 ft.
Diameter
11 ft.
Blades
4
Blades
4
Chord
1.75 ft.
Chord
0.81 ft.
Airfoil
SC1095
Airfoil
SC1095
Blade Area
186.8 ft2
Blade Area
17.82 ft2
Solidity
0.0826
Solidity
0.1875
Tip Sweep
20 deg.
Twist
-18 deg.
Twist
-18 deg
Cant Angle
20 deg.
Shaft Angle
3 deg.
Horizontal Stabilator
Vertical Stabilator
Span
14.38 ft.
Span
8.167 ft.
Area
45 ft2
Area
32.3 ft2.
Root Chord
3.67 ft.
Root Chord
6 ft.
Tip Chord
2.54 ft.
Tip Chord
2.83 ft.
Sweep (0.25C)
0 deg.
Sweep (0.25C)
41 deg.
Aspect Ratio
4.6
Aspect Ratio
1.92
Airfoil
NACA 0014
Airfoil
NACA 0021
Incidence/Dihedral
0 deg.

Table A.1: UH-60A Black Hawk - List of Physical Properties [8]
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Appendix B|
Additional Simulation Results

B.1 Gaussian Sensitivity Tests
The Gaussian distribution function is commonly used with the Actuator Disk Model
(ADM) approach. It was studied by several researchers [60, 62–65, 99] and it was
shown that thrust and power values approximated by ADM/ALM with a Gaussian
distribution are dependent on three parameters; , ∆grid , and ∆b which are the
Gaussian width parameter, the grid resolution, and the width of the discrete blade
section, respectively [99]. Martinez [60] showed that the number of blade sections
needs to be high enough in order to have a smooth distribution of forces through the
blade and a value smaller than ∆b /∆grid = 0.75 was suggested. He suggested that
the  value should be greater than 2∆grid in order to avoid numerical instabilities
in the solver. While these guidelines were suggested for a 3D Gaussian distribution,
we apply them to a 1D Gaussian distribution. A grid formation with ∆b /∆z = 0.75
is generated in the direction normal to the rotor disk to locate the vertically stacked
planes. It was decided to perform a Gaussian sensitivity test for the Gaussian
distribution factor  with 10 planes located above and below the rotor disk.
The projected force decays to its 0.1% of its original value at
q

pmax =  log(1000) ≈ 2.63
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where pmax is the maximum distance between the rotor plane and the plane
where actuator point forces are distributed. The ratio of pmax / is an important
parameter. A ratio of pmax / smaller than 2.63 will lead to a difference between
the actual point force and the total projected body force which is not desired.
In order to avoid coarse discretization above and below the rotor disk plane, 10
planes were vertically stacked above and below the rotor plane in 0.5ft increments,
resulting in pmax = 5f t. While holding the grid resolution (∆grid = 0.5f t) and
blade section width (∆b = 0.35f t) constant, a sensitivity test was performed for
different values of the Gaussian width parameter.

Figure B.1: Distribution of actuator point forces at 0.75R on vertically stacked
planes for different values of .
Figure B.1 shows the distribution of the actuator point force, at 0.75 radius of
the rotor blade and at a random time of the simulation, projected onto the vertically
stacked planes for different values of . It can be seen that the higher values of 
spread the actuator point forces out onto the vertically stacked planes and decrease
the force jumps across the planes. However, using a value of  higher than 10 starts
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Figure B.2: Thrust values calculated using coupled simulations (fuselage frozen)
with different values of .
to decrease the 2.63 ratio and increases the difference between the actual point
force and the projected body force. Figure B.2 shows the thrust values calculated
by GENHEL-PSU with the vehicle dynamics frozen using the CFD induced velocity
approximation for the different values of  and the Pitt-Peters inflow model. It can
be seen that for the higher values of , thrust values calculated by GENHEL-PSU
using CFD data produces results similar to the Pitt-Peters inflow model. There is
still a significant difference ( 5 % - 10%), but it should be noted that the 3-state
Pitt-Peters inflow model is not necessarily particularly accurate for predicting hover
performance. Ultimately  = 10∆grid was chosen.
It should be noted that, the same computational domain used in these tests is
also used for ‘Hover in Open Domain’ and ‘Hover near Ground’ cases. (4.2.1 and
4.2.1.1).

146

References
[1] Wilkinson, C.H., Zan, S.J., Gilbert, N.E., Funk, J.D., “Modelling and Simulation of Ship Air Wakes for Helicopter Operations,” Fluid Dynamics Problems
of Vehicles Operating Near or in the Air-Sea Interface, 1999.
[2] Tanner, P.E., Overmeyer, A.D., Jenkins, L.N., Yao, C.S. and Bartram, S.M.,
“Dynamic Interface Simulation Using a Coupled Vortex-Based Ship Airwake
and Rotor Wake Model,” American Helicopter Society 71st Annual Forum
Proceedings, Virginia Beach, VA, May 2015.
[3] White, W., “Unanticipated right yaw in helicopters,” Advisory Circular, , No.
90-95, 1995.
[4] Zan, S., “On Aerodynamic Modeling and Simulation of the Dynamic Interface,”
Proceedings of the Institution of Mechanical Engineers, Part G: Journal of
Aerospace Engineering, Vol. 219, No. 5, 2005, pp. 393–410.
[5] Polsky, S., “NAVAIR Airwake Modeling and More,” HPC User Group Forum,
April 2008.
[6] Silva, M.J., Yamauchi, G.K., Wadcock, A.J., Long, K.R., “Wind tunnel investigation of the aerodynamic interactions between helicopters and tiltrotors
in a shipboard environment,” DTIC Technical Document, 2004.
[7] Chen, R., “A survey of nonuniform inflow models for rotorcraft flight dynamics
and control applications,” Tech. rep., NASA, 1989.
[8] Howlett, J., “UH-60A Black Hawk Engineering Simulation Program: Volume
I-Mathematical Model,” NASA Rept. CR166309, 1981.
[9] Leishman, J., Principles of Helicopter Aerodynamics, Cambridge University
Press, New York, 2nd ed., 2006.
[10] Prasad, J., Zhang, H., and Peters, D., “Finite state in-ground effect inflow models for lifting rotors,” American Helicopter Society Annual Forum
Proceedings, Vol. 53, American Helicopter Society, 1997, pp. 988–993.

147

[11] Xin, H., “Development and validation of a generalized ground effect model
for lifting rotors,” Ph.D. Dissertation, School of Aerospace Engineering, 1999.
[12] Saberi, H.A. and Maisel, M.D., “A Free Wake Rotor Analysis Including
Ground Effect,” American Helicopter Society 43rd Annual Forum Proceedings,
Saint Louis, MO, 1987.
[13] Brown, R.E. and Whitehouse, G.R. , “Modeling Rotor Wakes in Ground
Effect,” Journal of the American Helicopter Society, Vol. 49, No. 3, 2004,
pp. 238–249.
[14] Alpman, E. and Long, L.N., “Fully-coupled simulations of the rotorcraft/ship
dynamic interface,” Annual Forum Proceedings-AHS International, Vol. 63,
Virginia Beach, VA, 2007, p. 1367.
[15] McKillip, R., Boschitsch, A., Quackenbush, T., Keller, J., Wachspress, D.,
“Dynamic interface simulation using a coupled vortex-based ship airwake and
rotor wake model,” Annual Forum Proceedings-AHS International, Vol. 58,
2002, pp. 1393–1424.
[16] Zhao, J., Rajmoham, N. and He, C., “Physics-Based Rotorcraft/Ship Aerodynamic Interaction Modeling in Support of Real Time Flight Simulation,”
51st AIAA Aerospace Sciences Meeting including the New Horizons Forum
and Aerospace Exposition, Grapevine, TX, 2013.
[17] Lee, D. and Horn, J.F., “Simulation of pilot workload for a helicopter operating
in a turbulent ship airwake,” Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, Vol. 219, No. 5, 2005,
pp. 445–458.
[18] Sezer-Uzol, N., Sharma, A., and Long, L., “Computational fluid dynamics
simulations of ship airwake,” Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, Vol. 219, No. 5, 2005,
pp. 369–392.
[19] Sezer-Uzol, N., “Unsteady flow simulations around complex geometries using
stationary or rotating unstructured grids,” 2006.
[20] Roscoe, M. and Wilkinson, C., DIMSS - JSHIP’s M&S Process for Ship/Helicopter Testing & Training, American Institute of Aeronautics and Astronautics, 2017/11/06 2002.
[21] Polsky, S. A., Wilkinson, C. H., Nichols, J., Ayers, D., Mercado-Perez, J.,
and Davis, T. S., “Development and Application of the SAFEDI Tool for
Virtual Dynamic Interface Ship Airwake Analysis,” 54th AIAA Aerospace
Sciences Meeting, 2016, p. 1771.
148

[22] Hodge, S.J., Zan, S.J., Roper, D.M., Padfield, G.D., Owen, I., “Time-Accurate
Ship Airwake and Unsteady Aerodynamic Loads Modeling for Maritime
Helicopter Simulation,” Journal of the American helicopter society, Vol. 54,
No. 2, 2009, pp. 22005–22005.
[23] Zagaglia, D., G. M. G. R., “Rotor-Obstacle Aerodynamic Interaction in
Hovering Flight: An Experimental Survey,” American Helicopter Society
72nd Annual Forum Proceedings, West Palm Beach, FL, May 20-22 2016, pp.
321–329.
[24] Visingardi, A., G. F. S. T. S. M. B. R. e. a., “Forces on Obstacles in Rotor
Wake - a garteur action group,” American Helicopter Society 43rd Europian
Rotorcraft Forum, Milan, Italy, Oct 2017.
[25] “Modelling and simulation of the ship environment for safer aircraft launch
and recovery,” RTO Technical Report TR-AVT-148, February 2012, NATO
Unclassified.
[26] Cheney B.T., Zan S.J., “CFD Code Validation Data and Flow Topology for
TCCP AER-TP-2 Simple Frigate Shape,” TR-LTR-A-035, Ottawa, Canada,
1999.
[27] Zan, S., “Surface flow topology for a simple frigate shape,” Canadian Aeronautics and Space Journal, Vol. 47, No. 1, 2001, pp. 33–43.
[28] Syms, G., “Simulation of Simplified-Frigate Airwakes Using a LatticeBoltzmann Method,” Journal of Wind Engineering and Industrial Aerodynamics, Vol. 96, No. 6, 2008, pp. 1197–1206.
[29] Driver, D.M., Seegmiller, H.L. and Marvin, J.G., “Time-dependent behavior
of a reattaching shear layer,” AIAA journal, Vol. 25, No. 7, 1987, pp. 914–919.
[30] Shafer, D.M. and Ghee, T.A., “Active and passive flow control over the flight
deck of small naval vessels,” 35th AIAA fluid dynamics conference and exhibit,
Ontario, Canada, 6-9 June 2005.
[31] Iboshi, N., Itoga, N., Prasad, J.V.R., Sankar, L.N., “Ground Effect of a Rotor
Hovering above a Confined Area,” Frontiers in Aerospace Engineering, Vol. 3,
No. 1, 2014.
[32] Zan, S.J. and Garry, E.A., “Wind tunnel measurements of the airwake behind
a model of a generic frigate,” National Research Council of Canada, Inst. for
Aerospace Research, 1994.
[33] Nacakli, Y. and Landman, D., “Helicopter downwash/frigate airwake interaction flowfield PIV surveys in a low speed wind tunnel,” Annual Forum
Proceedings-AHS International, Vol. 4, Alexandria, VA, 2011, pp. 2988–2998.
149

[34] Rajagopalan, G., Niazi, S., Wadcock, A.J., Yamauchi, G.K., Silva, M.J.,
“Experimental and computational study of the interaction between a tandemrotor helicopter and a ship,” Annual Forum Proceedings-AHS International,
Vol. 61, 2005, p. 729.
[35] Yamauchi, G.K., Wadcock, A.J., Derby, M.R., “Measured aerodynamic
interaction of two tiltrotors,” Annual Forum Proceedings-AHS International,
Vol. 59, American Helicopter Society, 2003, pp. 1720–1731.
[36] Rosenfeld, N.C., Kimmel, K.R., Sydney, A.J., “Investigation of Ship Topside
Modeling Practices for Wind Tunnel Experiments,” 53rd AIAA Aerospace
Sciences Meeting, Kissimmee, Florida, Jan. 2015.
[37] Zan, S.J., “Experimental determination of rotor thrust in a ship airwake,”
Journal of the American Helicopter Society, Vol. 47, No. 2, 2002, pp. 100–108.
[38] Lee, R.G., Zan, S.J., “Unsteady aerodynamic loading on a helicopter fuselage
in a ship airwake,” Vol. 49, AHS International, 2004, pp. 149–159.
[39] Lee, R.G and Zan, S.J., “Wind tunnel testing of a helicopter fuselage and
rotor in a ship airwake,” Journal of the American Helicopter Society, Vol. 50,
No. 4, 2005, pp. 326–337.
[40] Stargel, D. and Landman, D., “A wind tunnel investigation of ship airwake/rotor downwash coupling using design of experiments methodologies,” 50th
AIAA Aerospace Sciences Meeting, Nashville, Tennessee, 2012.
[41] Quon, E., Smith, M.J., Rosenfield, N. and Whitehouse, G., “Investigation
of Ship Airwakes Using a Hybrid Computational Methodology,” American
Helicopter Society 70th Annual Forum Proceedings, Montréal, Canada, May
20-22 2014.
[42] Muijden, J.V., Boelens, O.J., Vorst, V.D.J., Gooden, J.H.M., “Computational
Ship Airwake Determination to Support Helicopter-Ship Dynamic Interface
Assessment,” June 2013.
[43] Reddy, K.R., Toffoletto, R., Jones, K.R.W., “Numerical simulation of ship
airwake,” Computers & fluids, Vol. 29, No. 4, 2000, pp. 451–465.
[44] Forrest, J.S. and Owen, I., “An investigation of ship airwakes using DetachedEddy Simulation,” Computers & Fluids, Vol. 39, No. 4, 2010, pp. 656–673.
[45] S.A. Polsky, C.W. Bruner, “Time-Accurate Computational Simulations of an
LHA Ship Airwake,” 18th AIAA Applied Aerodynamics Conference, Denver,
CO, August 2000.

150

[46] Boris, J., Grinstein, F., Oran, E., and Kolbe, R., “New insights into large eddy
simulation,” Fluid dynamics research, Vol. 10, No. 4-6, 1992, pp. 199–228.
[47] Thedin R., Kinzel, M.P. and Schmitz, S., “High-Fidelity Simulations of
the Interaction of Atmospheric Turbulence with Ship Airwakes,” American
Helicopter Society 73rd Annual Forum Proceedings, Dallas, TX, 2017.
[48] Roper, D.M., Owen, I. and Padfield, G.D., “CFD investigation of the
helicopter-ship dynamic interface,” Annual Forum Proceedings - American
Helicopter Society, Vol. 61, Grapevine, Texas, 2005.
[49] Hodge, S., Forrest, J., Padfield, G., and White, M., “Determining fidelity
standards for maritime rotorcraft simulation,” RAeS conference on Maritime
operations of rotorcraft, 2008.
[50] Bunnell, J., “An integrated time-varying airwake in a UH-60 black hawk
shipboard landing simulation,” AIAA modeling and simulation technologies
conference and exhibit, Montreal, Canada, 2001, pp. 6–9.
[51] Lee, D., Sezer-Uzol, N., Horn, J.F. and Long, L.N., “Simulation of Helicopter
Shipboard Launch and Recovery With Time-Accurate Airwakes,” Journal of
Aircraft, Vol. 42, No. 2, 2003, pp. 448–461.
[52] Bridges, D.O., Horn, J.F., Alpman, E. and Long, L.N., “Coupled Flight
Dynamics and CFD Analysis of Pilot Workload in Ship Airwakes,” Proceedings
of the AIAA Atmospheric Flight Mechanics Conference, Hilton Head, SC,
August 20-23 2007.
[53] Forsythe, J.R., Lynch, E. and Polsky, S., “Coupled Flight Simulator and CFD
Calculations of Ship Airwake using Kestrel,” 53rd AIAA Aerospace Sciences
Meeting, Kissimmee, FL, January 2015, p. 0556.
[54] Crozon, C., Steijl, R. and Barakos, G.N., “Numerical Study of Helicopter
Rotors in a Ship Airwake,” Journal of Aircraft, Vol. 51, No. 6, 2014, pp. 1813–
1832.
[55] Crozon, C., Steijl, R., Barakos, G.N., “CFD-Based Simulation of Helicopter in
Shipborne Environment,” 41th European Rotor Forum Conference Proceedings,
Munich, Germany, 2015.
[56] Zhao J., H. C., “A Hybrid Solver with Combined CFD and Viscous Vortex Particle Method„” Proceedings of 67th Annual Forum of the American
Helicopter Society, Virginia Beach, 2011.

151

[57] Friedmann, L., Ohmer, P., Hajek, M., “Real-Time Simulation of Rotorcraft Downwash in Proximity of Complex Obstacles using Grid-Based Approaches,” American Helicopter Society 70th Annual Forum Proceedings,
Montréal, Canada, May 20-22 2014.
[58] Keller J.D., Wachspress D.A., H. J., “Real time free wake and ship airwake
model for rotorcraft flight training applications,” Proceedings of American
Helicopter Society 71st Annual Forum, AHS, 2015, pp. 1968–1988.
[59] Soneson, G. L., and Horn, J. F., “Simulation Testing of Advanced Response
Types for Ship–Based Rotorcraft,” American Helicopter Society 70th Annual
Forum Proceedings, Montreal, Canada, May 2014.
[60] Martınez, L. A., Leonardi, S., Churchfield, M. J., and Moriarty, P. J., “A
comparison of actuator disk and actuator line wind turbine models and best
practices for their use,” AIAA Paper, , No. 2012-0900, 2012.
[61] Miller, R. H., “Rotor blade harmonic air loading,” AIAA Journal, Vol. 2,
No. 7, 1964, pp. 1254–1269.
[62] Sørensen, J., Shen, W., and Munduate, X., “Analysis of wake states by a
full-field actuator disc model,” Wind Energy, Vol. 1, No. 2, 1998, pp. 73–88.
[63] Leclerc, C. and Masson, C., “Wind turbine performance predictions using a
differential actuator-lifting disk model,” Journal of solar energy engineering,
Vol. 127, No. 2, 2005, pp. 200–208.
[64] Réthoré, P., Elouan M., Sørensen, N.N. and Zahle, F., “Validation of an
actuator disc model,” 2010 European Wind Energy Conference and Exhibition,
2010.
[65] Mikkelsen, R., Actuator disc methods applied to wind turbines, Ph.D. thesis,
Technical University of Denmark, 2003.
[66] Chaffin, M. S., “A guide to the use of the pressure disk rotor model as
implemented in INS3D-UP,” 1995.
[67] Rajagopalan, R. G. and Lim, C. K., “Laminar flow analysis of a rotor in
hover,” Journal of the American Helicopter Society, Vol. 36, No. 1, 1991,
pp. 12–23.
[68] Rajagopalan, R. G. and Mathur, S. R., “Three dimensional analysis of a rotor
in forward flight,” Journal of the American Helicopter Society, Vol. 38, No. 3,
1993, pp. 14–25.

152

[69] Schweikhard, R., “Actuator Disk for Helicopter Rotors in an Unstructured
Flow Solver,” Journal of the American Helicopter Society, Vol. 52, No. 1,
2007, pp. 58–68.
[70] Padfield, G. D., Helicopter flight dynamics, John Wiley & Sons, 2008.
[71] Troldborg, N., Sørensen, J. N., and Mikkelsen, R. F., Actuator line modeling
of wind turbine wakes, Ph.D. thesis, Technical University of DenmarkDanmarks Tekniske Universitet, Department of Energy EngineeringInstitut for
Energiteknik, 2008.
[72] Oruc, I., Horn, J.F., Polsky, S., Shipman, J. and Erwin, J., “Coupled Flight
Dynamics and CFD Simulations of Helicopter/Ship Dynamic Interface,” American Helicopter Society 71st Annual Forum Proceedings, Virginia Beach, VA,
May 2015.
[73] Tech, C., “CRUNCH CFD Muli Physics V3.0: User Guide and Input Manual,”
Tech. rep., Combustion Researh and Flow Technology, 2013.
[74] Pope, S. B., “Turbulent flows,” 2001.
[75] Kobayashi, T., Morinishi, Y., and Oh, K.-J., “Large eddy simulation of
backward-facing step flow,” Communications in applied numerical methods,
Vol. 8, No. 7, 1992, pp. 431–441.
[76] Jiang, X., Lai, C.-H., et al., Numerical techniques for direct and large-eddy
simulations, CRC Press/Taylor & Francis, 2009.
[77] LLC, M., “Noverber 2016 TOP 500 Supercomputer Sites,” 2017.
[78] Grinstein, F. F., Margolin, L. G., and Rider, W. J., Implicit large eddy
simulation: computing turbulent fluid dynamics, Cambridge university press,
2007.
[79] Smagorinsky, J., “General circulation experiments with the primitive equations: I. The basic experiment,” Monthly weather review, Vol. 91, No. 3, 1963,
pp. 99–164.
[80] Zang, T., Dahlburg, R., and Dahlburg, J., “Direct and large-eddy simulations
of three-dimensional compressible Navier–Stokes turbulence,” Physics of
Fluids A: Fluid Dynamics, Vol. 4, No. 1, 1992, pp. 127–140.
[81] Germano, M., Piomelli, U., Moin, P., and Cabot, W. H., “A dynamic subgridscale eddy viscosity model,” Physics of Fluids A: Fluid Dynamics, Vol. 3,
No. 7, 1991, pp. 1760–1765.

153

[82] Margolin, L., Rider, W., and Grinstein, F., “Modeling turbulent flow with
implicit LES,” Journal of Turbulence, , No. 7, 2006, pp. N15.
[83] Patnaik, G., Boris, J. P., Grinstein, F. F., and Iselin, J. P., “Large scale
urban simulations with the MILES approach,” J. Am. Inst. Aeronautics and
Astronautics, 2003, pp. 1–13.
[84] Polsky, S.A., “A computational study of unsteady ship airwake,” 40th AIAA
Aerospace Sciences Meeting & Exhibit, Reno, NV, January 14–17 2002.
[85] Shipman, J., Arunajatesan, S., Cavallo, P., Sinha, N., and Polsky, S., “Dynamic CFD simulation of aircraft recovery to an aircraft carrier,” Proceedings
of the 26th AIAA Applied Aerodynamics Conference, 2008.
[86] Arunajatesan, S., Shipman, J. D., and Sinha, N., “Towards numerical modeling of coupled VSTOL-ship airwake flowfields,” 42nd AIAA Aerospace
Sciences Meeting and Exhibit, Reno, NV , 2004, pp. 5–8.
[87] Sezer-Uzol, N., Sharma, A., and Long, L., “Computational fluid dynamics
simulations of ship airwake,” Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, Vol. 219, No. 5, 2005,
pp. 369–392.
[88] Snyder, M., Burks, J., Brownell, C., Luznik, L., Miklosovic, D., Golden, J.,
Hartsog, M., Lemaster, G., Roberson, F., Shishkoff, J., et al., “Determination
of shipborne helicopter launch and recovery limitations using computational
fluid dynamics,” 66th American Helicopter Society Annual Forum, 2010.
[89] Thornber, B., Starr, M., and Drikakis, D., “Implicit large eddy simulation of
ship airwakes,” The Aeronautical Journal, Vol. 114, No. 1162, 2010, pp. 715–
736.
[90] Shipman, J., Arunajatesan, S., Menchini, C., and Sinha, N., “Ship airwake
sensitivities to modeling parameters,” AIAA Paper, Vol. 1105, 2005, pp. 10–
13.
[91] Shipman, J., Arunajatesan, S., Cavallo, P., Sinha, N., and Polsky, S., “Dynamic CFD simulation of aircraft recovery to an aircraft carrier,” Proceedings
of the 26th AIAA Applied Aerodynamics Conference, 2008.
[92] Arunajatesan, S., Shipman, J. D., and Sinha, N., “Towards numerical modeling of coupled VSTOL-ship airwake flowfields,” 42nd AIAA Aerospace
Sciences Meeting and Exhibit, Reno, NV , 2004, pp. 5–8.

154

[93] Zhang, F., Xu, H., and Ball, N. G., “INumerical simulation of unsteady flow
over SFS2 ship model,” 47th AIAA Aerospace Sciences Meeting Including
The New Horizons Forum and Aerospace Exposition, Orlando, FL, January
5–8 2009.
[94] Website, “CRAFT CFD - CRAFT Tech,” 2015.
[95] Zhang, F., Xu, H., Su, J. C., and Cai, H., “Computational Investigation of
Unsteady Flow over SFS2 Ship with a Bell 412 Helicopter over the Flight Deck,”
Canadian Aeronautics and Space Institute AERO’09 Conference Aerodynamics
Symposium, May 2009.
[96] Ganesh, B., K. N., “Unsteady Aerodynamics of Rotorcraft in Ground Effect,”
No. Paper AIAA 2004–5287, Providence, RI, August 16–19 2004.
[97] Curtiss, H.C., Sun, M., Putman, W.F. and Hanker, E.J., “Rotor aerodynamics
in ground effect at low advance ratios,” Journal of the American Helicopter
Society, Vol. 29, No. 1, 1984, pp. 48–55.
[98] Ferguson, S. W., “Rotorwash Analysis Handbook. Volume 1. Development
and Analysis,” Tech. rep., DTIC Document, 1994.
[99] Jha, P. K., Churchfield, M. J., Moriarty, P. J., and Schmitz, S., “Guidelines
for volume force distributions within actuator line modeling of wind turbines
on large-eddy simulation-type grids,” Journal of Solar Energy Engineering,
Vol. 136, No. 3, 2014, pp. 031003.
[100] Zbrozek, J., Ground effect on the lifting rotor, HM Stationery Office, 1950.
[101] Hayden, J. S., “The effect of the ground on helicopter hovering power required,”
32nd annual forum of the American helicopter society, Washington, DC , 1976,
pp. 10–12.
[102] Lee, T. E., Leishman, J. G., and Ramasamy, M., “Fluid dynamics of interacting blade tip vortices with a ground plane,” Journal of the American
Helicopter Society, Vol. 55, No. 2, 2010, pp. 22005–22005.
[103] Johnson, W., Rotorcraft aeromechanics, Vol. 36, Cambridge University Press,
2013.
[104] Ballin, M. G., “Validation of a real-time engineering simulation of the UH-60A
helicopter,” NASA Report. TM-88360, 1987.
[105] Sheridan , P.F., and Wiesner, W., “Aerodynamics of the Single Rotor Helicopter Rotor Configuration,” USARTL TR 78- 23A, September 1978.

155

[106] Empey, R. and Ormiston, R., “Tail-Rotor Thrust on a 5.5-Foot Helicopter
Model in Ground Effect,” American Helicopter Society Annual National
Forum, Washington, DC , 1974.
[107] Nathan, N. and Green, R., “Wind tunnel investigation of flow around a rotor
in ground effect,” American Helicopter Society Specialists’ Conference on
Aeromechanics, January 2010.
[108] Bentley, J.L., “Multidimensional binary search trees used for associative
searching,” Communications of the ACM , Vol. 18, No. 9, 1975, pp. 509–517.
[109] Website, “Penn State Eng. : High Performance Computing Cluster,” 2017.
[110] Ayachit, U., Bauer, A., Geveci, B., O’Leary, P., Moreland, K., Fabian,
N., Mauldin, J., “ParaView Catalyst: Enabling In Situ Data Analysis and
Visualization,” Proceedings of the First Workshop on In Situ Infrastructures
for Enabling Extreme-Scale Analysis and Visualization, ACM, 2015, pp. 25–29.

156

Vita
Ilker Oruc
Ilker Oruc was born in 1985, in Hatay, Turkey. After finishing Mersin High School
of Science, he received his Bachelor’s degree in Aeronautical Engineering from
Istanbul Technical University. In 2011, he started his Master’s degree at Penn State
University in the Department of Aerospace Engineering and graduated in 2013.
Later, he continued his Ph.D. degree in the same department and completed in
2017. He is currently working as a Post-doctoral Researcher with his Ph.D. advisor
Joe Horn and managing the VLRCOE Flight Simulator Facilities. His research
interests are primarily in the areas of flight dynamics, performance, fluid dynamics,
high performance computing and modeling and simulation with a specific emphasis
on rotorcraft applications.

