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Background and Motivation

To reduce the helicopter fatal accident rate, the rotorcraft industry has identified the need to improve the
fidelity of physics-based models in flight simulators, i.e., Aviation Training Devices, Flight Training
Devices, and Full Flight Simulators. The motivation behind this effort is a recent series of fatal accidents
identified during accident reviews, following a data-driven process with the United States Helicopter
Safety Team which is part of the Vertical Aviation Safety Team (VAST), formerly known as the
International Helicopter Safety Team (IHST). Several accidents/incidents have been reviewed, indicating
a lack of understanding and a variety of opinions within the community about the onset of several
dangerous flight conditions. Because of this knowledge gap, pilots are often not trained to proactively
recognize proximities of anomalous events. Flight data capturing those dangerous and rare flight
conditions is extremely limited and does not satisfy the required characteristics for the application of
System Identification or Machine Learning techniques.

Further complicating matters is that most of the flight simulation tools out there today, even Level D full-
flight simulators do not accurately represent the physical dynamics of these helicopter states. That leads to
negative flight training and a propensity to recover from unrealistic conditions in the simulator giving
pilots a false sense of security in the actual aircraft. Specifically, the physics-based models are not
accurate enough at edge-of-the-envelope and outside-of-the-envelope flight regimes. This leads to
inaccurate control inputs for pilots seeking to recover from a loss-of-control condition. Hence, there is a
need to develop more accurate full flight simulators (FFS)/aviation training devices/flight training devices
for all segments of the helicopter community by developing better mathematical/physics-based models for
helicopter flight dynamics. This will enable more realistic training and facilitate the development of basic
skills in a low-risk and safe operational environment, mitigating the number of helicopter accidents.

To shed light on this safety issue, following the accident reviews, the USHST came up with a series of
intervention strategies. These intervention strategies, otherwise known as Helicopter Safety
Enhancements (H-SEs), were born out of the USHST’s data-driven process and mimic safety
enhancements developed and popularized by both the Commercial Aviation Safety Team (CAST) and the
General Aviation Joint Steering Committee (GA-JSC). A total of 18 H-SEs were approved by the USHST
Steering Committee, including H-SE 81: “Improve Simulator Modeling for Outside-the-envelope Flight
Conditions.” This H-SE was found to be in the Technology/Equipment arena, although it was later
reallocated to the Training domain. The focus of the H-SE is on accomplishing the following safety
action:

H-SE 81 Safety Action: “FAA and industry to provide recommendations for improving simulator

mathematical physics models for level A-D Full Flight Simulators (FFSs), basic and advanced Aviation
Training Devices (ATDs), and Level 4-7 Flight Training Devices (FTD) for outside-the-envelope flight
conditions.”
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The H-SE included the following three outputs:

e Output #1: Coordinate with FAA, industry, and academia to review existing helicopter
simulator/physics-based models and conduct research/testing to develop recommendations
regarding improved helicopter mathematical/physics-based models.

e  Qutput #2: Update advisory circulars AC-120-45A and AC-61-136A (or create helicopter-
specific variants) based on recommendations to facilitate the use of improved fidelity helicopter
flight dynamics models in helicopter simulators.

e  Output #3: USHST Outreach Team to conduct outreach to simulator and flight training device
manufacturers regarding recommendations for higher-fidelity mathematical models.

Of the three outputs, this paper documents the progress made regarding Output #1. Output #2 has not
been attempted due to the complexity associated with the modeling efforts in Output #1 and due to recent
decisions by the USHST Steering Committee to only perform actions that can be managed solely within
the USHST membership. Therefore, Output #2 is summarized in the Recommendations section of this
document and will not be pursued further by the H-SE Team. Output #3 has already been addressed
through the individuals on the H-SE Team who have conducted informal outreach activities with various
operators and training entities. While Outputs #2 and #3 will no longer be tracked formally by the
USHST, these areas will not be forgotten as the H-SE Team and the USHST will continue to advocate
amongst the helicopter community to increase community awareness towards using higher fidelity models
in flight simulation. As H-SE 81 sunsets and moves into a predominantly outreach mode, the H-SE Team
will continue to meet and advance the science of this H-SE, including new creating/testing higher-fidelity
mathematical models, augmented/virtual reality concepts and pushing the boundaries of vertical flight
simulation.
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Main Objective

The goal of this research is to enhance the overall fidelity of model simulators, providing
recommendations for the development of improved physics-based models for various dangerous flight
conditions. The importance of good simulation fidelity and reliable flying qualities criteria are essential
for an enhanced prediction fidelity of the simulator and more accurate handling qualities requirements for
simulator qualification. The main headings of flight dynamics, simulation modeling, and flying qualities
will often be cited with the intent of obtaining a deeper insight into abnormal flight maneuvers.
Ultimately, the fidelity of flight simulators shall be advanced through the improvement of the overall
fidelity of physics-based models. This will promote pilot’s flight training with the goal of increasing their
awareness of the proximities of dangerous flight scenarios and educating them on conducting proactive
risk evaluations. This will lead to a proactive avoidance of those conditions during nominal flight
operations, decreasing pilot error and disorientation, together with a consequent decrease in accidents.
Hence, this work aims not only to enhance the understanding of ambiguous helicopter flight conditions,
but also to provide more accurate flight dynamics in simulators with the final goal of enhancing pilot
training and improving their awareness during flights.

This report aims to review existing and emerging helicopter flight simulation platforms (i.e., full flight
simulators, advanced aviation training devices, etc.) for underlying model fidelity/gaps and candidate
flight conditions/maneuvers that would benefit from model improvement. A literature review will follow,
comprising a list of current helicopter simulator/flight training device models' fidelity, any known or
discovered simulator performance gaps, and candidate flight conditions/maneuvers that would benefit
from increased model fidelity. This is the first task of the larger research plan that will be conducted by
H-SE 81 to effectively improve the modeling of outside-the-envelope flight conditions (i.e., Loss of Tail
Rotor Effectiveness, Vortex Ring State, Autorotation, etc.) to enable more realistic training and facilitate
the development of basic skills in a low-risk and safe operational environment. Future tasks will include
the following:

e Exploration of data capture technologies for obtaining simulation and flight test data.

e Collection of data from current simulators of varying levels of fidelity, flight test data, and
manufacturer data from past certification and qualification flights as well as model data for
various candidate maneuvers across various mission segments.

e Recognition and classification of the different dangerous conditions through flags or appropriate
pilot cueing during flight for improved pilot awareness and training.

e Development and integration of improved mathematical/ physics-based flight dynamics simulator
models into FAA (i.e., WIHTC) and industry helicopter simulator/flight training device
platforms.

e Development of an experimental design/test plan for quantifying improved helicopter simulator
model fidelity, including scenarios, metrics, and analysis plans.
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e Conduction of an experiment to test improved mathematical/physics-based flight dynamics
simulator models on FAA (i.e., WIHTC) and industry helicopter simulator/flight training device
platforms with test pilot subjects from the industry.

These activities will use simulators and helicopters present in industry partners’ locations, including flight
training schools, OEMs, operators, and others, as well as the FAA WJHTC’s S76-D simulator. This
research will contribute to the development of and revisions to FAA policy (FAA Orders), guidance
(Advisory Circulars), and regulatory material (i.e., rule changes to 14CFR Part 61) related to ATDs,
FTDs, and FFSs for helicopters.
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Flight Simulator Overview

A helicopter flight simulator is a device that recreates the aircraft flight dynamics and the external
environment. It is often used for pilot training or to investigate mission requirements, aircraft design
constraints, and performance estimations. Flight simulators consist of predictive models that give real-
time aircraft responses to control input and external disturbances. To build those predictive models, a
mathematical model able to replicate the behavior of the aircraft in flight is needed. The accuracy of this
mathematical model governs the reliability of the aircraft response. However, high modeling accuracy
comes with high costs, being the models very expensive. Hence, considering the final need, a tradeoff
between modeling accuracy and expenses is often preferred. For this reason, there exist different types of
Flight Simulation Training Devices (FSTDs), and each one of them has a specific function. For example,
aviation training devices are mainly used for procedural and operational performance tasks, while the
more expensive flight training devices include more accurate models that aim to provide a more realistic
aircraft response. Aerodynamic and structural effects highly influence rotorcraft dynamics, often
involving non-linear phenomena, making the problem even more complex. The framework on which any
aircraft simulation is built is the vehicle motion model. The following section gives an overview of this
model, describing the most basic equations that govern aircraft dynamics while introducing the aspects
that differentiate the several types of rotorcraft simulation models.

A helicopter flight performance simulation requires a mathematical model able to replicate the behavior
of the aircraft in flight. The basic vehicle model has 6 degrees of freedom, 3 translational and 3 rotational,
and it is characterized by a state vector of 12 components which changes at each time step of the
simulation. This is formed by the translational velocities (u, v, w), angular velocities (p, g, 1), attitude
angles (¢, 8,1), and the body position (x, y, z). The body dynamics is governed by Newton’s laws,
which relate the applied loads to the translational and rotational accelerations. The translational dynamics
is given by Newton’s second law, which determines the body-axes translational acceleration components:

X
u=—-(wq—vr)+——gsinb
M,

Y
v = —(ur —wp) + — + g cosf sing
M,

Z
W= —(vp—uq) +—+ g cosf cosp
M,
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Where M|, is the aircraft mass. The rotational dynamic equations are expressed using the Newton-Euler
equation, which defines the body-axes angular acceleration components:

L=1Iyp— Ixz(r.' + pq) - (Iyy - Izz)qr - Iyz(qz - TZ) - xy(q —1p)
M = yyq - Ixz(r2 - pZ) - (Izz - Ixx)rp - Ixy(zj + qT) - Iyz(f - pq)
N =1,,7— Ixz(lj - qT) - (Ixx - Iyy)pq - Iyx(pz - q2) - yz(q + rp)

Where the Iy, I, etc. are the mass moment of inertia.

y
The time derivatives of the position vector and the attitude angles are determined using kinematic
relationships. The vehicle position is expressed with reference to the inertial reference frame, and its
derivative is computed using a rotation matrix that transforms the translational velocity vector in the body
reference frame to the vehicle reference frame. The body attitude rates are obtained from measurements
of the body angular rates using an iterative solution that is initialized using the ground orientation of the
vehicle. Hence, 12 first-order ordinary differential equations form the basic vehicle model. Those
equations are integrated in time using a given initial state vector and the appropriate values of
aerodynamic and propulsive forces and moments expressed in the body-reference frame. The basic
vehicle model is similar for both fixed-wing and rotorcraft. The differences rely on the calculation of the
aircraft forces and moments, and here hides the real complexity of the problem.

As shown in Figure 1, a single-rotor helicopter is a system of interacting components, i.e., the main and
tail rotors, the fuselage, empennage, together with the powerplant and the flight control system.
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Figure 1: Helicopter subcomponents [35]

yawing moment

For each subsystem, the body-axes components of forces and moments are determined. First, the loads are
computed using the local coordinate system of each component, and then they are transformed to the
body-axes of the aircraft using appropriate transformation matrices. By summing the contributions from
all the helicopter components, the total aerodynamic and propulsive loads about the center of mass of the
vehicle are established. Talbot et al. [36] give a great overview of this process, shown in Figure 2 while
describing the mathematical model of a single main rotor helicopter developed at Ames Research Center.
The model is used for piloted simulation of flying qualities to advance the development of design criteria

in future helicopters.
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Figure 2: Main elements of a single-rotor helicopter model [36]

An essential element for the accurate representation of rotorcraft flight dynamics is the inflow model
used. Several inflow models are available in the literature for the analysis of rotorcraft flight dynamics.
Excellent comprehensive reviews are provided by Peters [73], Chen [74], and Gaonkar [75], giving an
overview of the historical development of rotor inflow modeling. Because of the need to investigate
helicopter flight dynamics, a good tradeoft is required between inflow model accuracy and computational
time. Hence, this review excludes the description of vortex methods because of their relatively high
computational expense due to the complex rotor wake modeling [47].

The simplest rotor inflow approximation is offered by momentum theory, which enables the estimation of
basic rotor performance through numerous assumptions. The rotor is assumed to be an actuator disc,
hence, infinitesimally thin with an infinite number of blades. The flow is assumed to be steady, inviscid,
and incompressible with a pressure variation through the rotor flow field. The inflow is assumed to be
uniform over the rotor disk, and it is computed using basic conservation laws of fluid motion, i.e.,
conservation laws of mass, linear momentum, and energy. The induced inflow ratio, i.e., the induced
inflow velocity normalized by the blade tip speed, is often used because of its non-dimensional nature.
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For forward flight, momentum theory defines the induced inflow ratio as:

Cr
A=Ay =—0»r
e 2/ 1% + A2
The advance ratio, |, is defined as:
_ Vocosa
H="0R

where V,, is the relative airspeed, and « is the angle of attack of the tail rotor disk. The inflow ratio, A,
includes the components of the free stream inflow and the induced inflow, A;, and it is defined by:

A=putana + )\

For clarity, Figure 3 illustrates the momentum analysis in forward flight.

Propulsive force

Rotor :

Rotor lift, L

Voo sin a

Voo €OS
vi+ Ve sina

w+ Ve sina

Note: Angles exaggerated for clarity Slipstream

v

Weight of aircraft, W

Figure 3: Momentum analysis for a rotor in forward flight [47]

This approach is often used because of its simplicity, enabling the calculation of the rotor-induced inflow
while neglecting the details of the flow environment at each blade section. However, a nonphysical
solution is obtained in descent flight when the axial component of the freestream inflow is between 0 and
2v;, i.e., —2vi < u tana < 0. Under these circumstances, a well-defined slipstream cannot be defined
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because of the more complex flow patterns involved, e.g., vortex ring flow states, and momentum theory
becomes invalid [15]. This flight condition is often analyzed through experimental results or more
advanced vortex theories, and it is treated in more detail in the later sections.

Several in-flight experiments confirm the non-uniformity of the inflow over the rotor disk [76, 77],
revealing the need for a more accurate inflow representation. Based on the experimental results, the
variation of the inflow was determined to be approximately linear along the rotor radius. Hence,
numerous inflow models have been developed to approximate the linear inflow gradients over the blades.

Inflow models that include longitudinal and lateral inflow variations over the rotor disk, as illustrated in
Figure 4, are often adopted.

T\{\ Longitudinal inflow

P =270

Figure 4: Linear inflow approximation over the rotor disk [47]
The induced inflow ratio can be calculated using the following equation:
A =21 + k.rcosy + kgrsiny)

where A, is the mean (average) induced velocity at the rotor disk given by momentum theory, k. and k
are the longitudinal and lateral inflow gradients that a uniform model fails to predict, r is the radial
position of the blade element normalized by the rotor radius, and phi is the azimuth angle. Numerous
studies focus on the definition of k. and k. For example, from the results obtained by Castles and
DeLeeuw [15] using a cylindrical wake with uniform disk loading, Payne [78] derived a good estimation
of the inflow gradients, i.e.,

_ 4/3tany
€ 1.2 +tany

where y is the wake skew angle and it is defined as:
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x =tan™! (L>
utana + A

Note that the wake skew angle is a function of the advance ratio, the angle of attack at the rotor disk, and
the thrust coefficient. This parameter defines the orientation of the rotor wake and has been determined to
be a key element in determining an accurate value of the rotor inflow.

Other definitions of inflow gradient coefficients have been derived from rigid cylindrical vortex wake
theories. Coleman [79] used vortex theory with a uniformly loaded circular disk and determined that:

k. = tan ()2—()

Drees modified Coleman’s model using a different wake geometry and obtained the following weighting
coefficients:

. _4(1—cosy—1.8u?
€3 sin y
ks =—=2p

Cheeseman and Haddow [80] collected induced velocity data from a low-speed wind tunnel test. It was
observed that a good representation of the rotor inflow was provided by Drees, Payne, and Pitt-Peters,
which compared well with the experimental data [74].

Until this point, the models described assume that the induced velocity varies instantaneously to its new
inflow state. However, because of the inertial effects of the mass of air trying to resist flow velocity
changes, there is a time lag associated with the buildup in inflow. This is commonly referred to as the
apparent mass effect. Dynamic inflow models are defined in terms of a finite number of ordinary
differential equations in time, i.e.,

M1 {2+ €10, = (5

Where 2, is the number of states of the flowfield, F, is the blade loading vector, M is the apparent mass
matrix and C is the influence coefficient matrix.

While poor results were obtained testing forward flight conditions using methods derived from
momentum theory, Pitt and Peters developed a model using potential flow theory, obtaining excellent
correlations with experimental data [81]. The model is based on the study of Mangler and Squire [82] and
offers in a closed-form the apparent mass matrix and the inflow influence coefficient matrix to calculate
the total induced inflow ratio at any point on the rotor disk. The standard form of the Pitt-Peters model is:
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Ag Ao Cr
[M]<Ag ¢+ VIL]T! {As} = {—CL}
}\c }\c —Cum

Where M is the apparent mass matrix, and L is the inflow influence coefficient matrix. The mass flow
parameter V includes the effect of the wake contraction and is defined as follows:

J A0 )

/#2 + )\2
After solving this set of equations, the final induced ratio is computed as follows:
A=Ay + A rcosy + Agrsiny

Pitt-Peters model shows an evident improvement in the prediction of the inflow over the rotor disk,
compared to the previous theories. Nowadays, it is widely used in many rotorcraft flight simulation
models because of its excellent capabilities within the applications involving rotorcraft flight dynamics.
Also, it offers a more applicable framework for inflow modeling developments with respect to models
based on numerical fitting of results obtained from vortex methods. A significant contribution was
provided by Peters and He, who extended the potential functions used by Pitt and Peters to provide a
more detailed inflow distribution over the rotor disk. In fact, a limitation of the Pitt-Peters model relates
to the limited representation of the pressure distribution on the rotor using only two harmonics, i.e., Oth
and 1st harmonics, with one or two radial functions of inflow for each harmonic. Instead, Peters and He
include all harmonics and all radial distributions of inflow, including axial to edgewise values of wake
skew angle. The Peters-He generalized wake model offers a finite number of inflow states, including the
Pitt-Peters model as a special case (when the number of states is reduced to 3). The model gives similar
results of vortex-lattice methods, avoiding the complex modeling of the true vortex wake while
maintaining a more affordable computational analysis. Because the model uses a higher number of inflow
states, it offers a more detailed prediction of the inflow at the rotor, which is usually preferred in the study
of rotor aeroelasticity.
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Helicopter Flight Simulation Training Devices (FSTDs)

The basis for flight simulator qualification has been established by the National Simulator Program (NSP)
Branch and described in the Code of Federal Regulations Title 14 Part 60. Here are given the rules to
obtain the simulator qualification for flight training and evaluation. Appendix A lists the helicopter flight
simulation training devices approved by the Federal Aviation Administration and the European Union
Aviation Safety Agency. The Flight Simulation Training Devices (FSTD) include Aviation Training
Devices (basic and advanced), Flight Training Devices (levels 4-7), and Full Flight Simulators (levels B-
D).

Aviation Training Devices (ATDs)
e Basic ATD

e Advanced ATD

Those devices provide an appropriate platform for procedural and operational performance scenarios,
specifically in ground training.

Flight Training Devices (FTDs)

As defined in Title 14 CFR Part 60, a flight training device is a “replica of aircraft instruments,
equipment, panels, and controls in an open or enclosed flight deck area.” These types of devices include
equipment and aircraft modeling to enable aircraft ground operations and flight conditions. Each device
must meet the qualification standards to be certified to a specific level. Appendix D in Title 14 CFR Part
60 describes the Qualification Performance Standards (QPS) for helicopter FTDs. Specifically, Table
DI1A is of interest, as it details the minimum programming requirements for each FTD level:

e FTD Level 4: This level requires an accurate modeling of systems, while it does not need an
aerodynamic model.

e FTD Level 5: General models of systems and aircraft aerodynamics are required. The modeling is
not required to be specific to a single aircraft model. The FTD must provide the proper response
to changes in configuration and test condition settings, flight scenarios, and external disturbances.

e FTD Level 6: High-fidelity models of systems and aircraft acrodynamics are required. The
models need to be specific to a single aircraft model. The device must give appropriate responses
to flight deck instruments while not exceeding 150 milliseconds. A physical cockpit is required.

e FTD Level 7: High-fidelity models of systems and aircraft acrodynamics are required. The
models need to be specific to a single aircraft model. The device must give appropriate responses
to flight deck instruments while not exceeding 150 milliseconds. A physical cockpit is required
that includes vibrations.
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Full Flight Simulators (FFSs)

As defined in Title 14 CFR Part 60, a full flight simulator is a “high-fidelity full-size replica of a specific
type or make, model and series aircraft flight deck which can represent the aircraft operations in ground

and flight conditions.” An FFS has a visual system that provides an out-of-the-flight deck view and a

force-cueing motion system (at least 3 axis). Appendix C in Title 14 CFR Part 60 describes the
Qualification Performance Standards (QPS) for helicopter FFSs. Specifically, Table C1A is of interest, as
it details the minimum programming requirements for each FFS level:

FFS Level B — This level has a force cueing motion system with at least 3 axes, and its response
must be within 150 milliseconds of the helicopter response. This type of FFS requires high-
fidelity modeling for both ground operations and flight scenarios.

FFS Level C - This level has a force cueing motion system with at least 6 axes. Its response must
be more realistic than the FFSs level B and within 100 milliseconds of the helicopter response.
Also, it must simulate brake and tire failure dynamics. The aerodynamic modeling in the
simulator must include airframe and rotor icing, rotor wake-fuselage aerodynamic interferences,
rotor influence on control and stabilization systems, vortex ring state, and retreating blade stall.

FFS Level D — This level has a force cueing motion system with at least 6 axes. Its response must
be more realistic than the FFSs level B and within 100 milliseconds of the helicopter response.
Also, it must simulate brake and tire failure dynamics. The aerodynamic modeling in the
simulator must include airframe and rotor icing, rotor wake-fuselage aerodynamic interferences,
rotor influence on control and stabilization systems, vortex ring state, and retreating blade stall.
Realistic sounds in the cockpit are required, as well as a number of special motion and visual
effects.
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Flight Conditions of Interest

Following a detailed review of Helicopter Flight Simulation Training Devices and model fidelity/gaps, a
list of candidate flight conditions/maneuvers that would benefit from model improvement was identified
in order of importance:

e Vortex Ring State

e Mast Bumping

e Loss of Tail Rotor Effectiveness

e Autorotation

e Unintended flight into Instrument Meteorological Conditions (UIMC)
e Retreating Blade Stall

e Dynamic Rollover

In this section, the main flight maneuvers that are intended to be tackled by this Safety Enhancement Task
are identified and discussed. For each condition of interest, specific accident/incident examples are
highlighted, together with beneficial maneuvers and training scenarios that are essential to mitigate future
accidents.

Vortex Ring State

For more than a century, Vortex Ring State (VRS) has been the subject of challenging aerodynamic
investigations. This phenomenon significantly impacts rotor performance and rotorcraft flight dynamics,
and it can affect both main and tail rotors [20, 24]. This is intuitive because of the common nature of the
flow field around the rotor associated with VRS. Several flight tests and wind-tunnel experiments have
been published with the intent of furthering the understanding of this complex problem. An excellent
summary of the wind-tunnel experiments and flight tests performed on VRS has been provided by
Johnson [18].

In axial flight, a rotor operates in different working states based on its vertical descent rate. A notional
summary is provided in Figure 5. During normal working states (i.e., hover and climb conditions), the
flow through the rotor is relatively uniform. The tip vortices created by each blade follow smooth helical
paths with a well-defined slipstream boundary that expands downstream of the rotor.
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Figure 5: Rotor working states in axial flight [35]

At low descent rates, the upward freestream velocity causes the helical layers of the tip vortex filaments
to compress closer to the rotor. If the collective pitch angle is decreased, the descent rate increases, and a
defined slipstream boundary ceases to exist. Because of the mutual interaction between the vortices,
additional compression of the helical wake causes the tip vortices to radially expand away from the rotor.
This leads to the development of a ring structure of concentric vortex filaments. The rotor-induced inflow
increases as the vortex ring grows, causing a reduction in angle of attack of the blades. Consequently,
while the collective pitch angle is maintained constant, the rotor undergoes a remarkable thrust loss with
an increase in descent rate. Only when the collective pitch is decreased further the vortex ring sheds from
the rotor, causing a decrease in inflow and a net thrust recovery. A distinct slipstream boundary expands
above the rotor, eventually reaching the windmill brake state in which the rotor is extracting energy from
the flow.

Just like for loss of tail rotor effectiveness, the fallacies surrounding VRS abounds. The misconceptions
related to its fundamental nature led to the use of different names and definitions. For example, pilots
often refer to this phenomenon as “settling with power.” However, as noted by Leishman [20], that may
not be a good term to describe VRS as the “settling” issues often involve flight conditions where the

February 16, 2023 H-SE 81 Page 19 of 77



Improve Simulator Modeling for Outside-the-Envelope Flight Conditions - Helicopter Safety Team

vortex ring is not present, such as during a high power take off in ground effect or transitioning from
hover to forward flight in ground effect. During those maneuvers, the helicopter suddenly requires more
power giving the pilot the feeling of sinking toward the ground. The same feeling that the pilot has during
a VRS event, however, the physical phenomena involved are totally different.

Flight Tests and Wind Tunnel Experiments to Investigate Vortex Ring State

It appears that the VRS phenomenon was first recognized by De Bothezat in 1919 [7]. A few years later
Lock et al. [22,23] published one of the earliest data of a rotor in axial descent, while Glauert [14,13] was
one of the first to conduct a mathematical analysis of the problem, calculating the rotor inflow using the
thrust and collective data measured by Lock.

Drees et al. [8-10] investigated the complex rotor wake behavior obtaining remarkable flow
visualizations, such as Figure 6, of the different working states of a rotor in axial flight.

Figure 6: Flow visualization of rotor operating in vortex ring state [8]

The wind tunnel tests revealed a highly unsteady flow during VRS due to the periodical vortex break
away from the rotor disk. In this region, Drees described the behavior of the aircraft as very rough, in
attitude and in control, with an unsteady increase of power required to not lose altitude. Also, it was
observed that VRS was not a problem in forward speed, as the vortices were blown away by the relative
wind before they were able to accumulate around the rotor.

Rotor performance is often assessed by the time-history measurements of its thrust and torque. Many
aerodynamic tests in the presence of VRS revealed large fluctuating loads that have been associated with
the unsteady nature of VRS. This was not only observed in wind tunnel experiments but also during real
flight tests. Reeder and Gustafson [25], Brotherhood [4], and Stewart [28] conducted the first flight tests
on VRS reported in the literature. The region of roughness described by Drees [10] was experienced in
flight through aperiodic blade flapping, random yawing movements, and significant vibrations. The pilot
workload highly increased while approaching VRS. This was also noted by Yeates [33], who described
the VRS flight experience in a tandem helicopter, and Scheiman [26], who investigated VRS for different
combinations of descent rate and forward speed. In overall, it was observed how equilibrium flight was
difficult to achieve during any VRS event due to the strong vibrations caused by the flow instability.
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In the meantime, several studies focused on the different effects of the rotor geometrical properties on the
VRS phenomenon. For example, Castles and Grey [6] examined through wind tunnel tests the influence
of twist on rotor performance during vertical descent. It was observed that a rotor with twisted blades was
affected by larger load variations and an increase in the rate of descent. This may be due to the fact that
blade twist has an effect on the position of the tip vortices in the rotor wake and, consequently, on the
distribution of induced velocity over the disk. This has a significant impact on rotor performance,
increasing load fluctuations and power required [21].

Similar results were obtained by Yaggy and Mort [32]. Noteworthy is their consideration of relating the
unsteady flow field to the rotor disk loading. It was assumed that the amplitude of the fluctuations during
VRS was related to the rotor mean thrust. Hence, their study involved the analysis of rotors with different
disk loadings. The results of Figure 7 show that for low descent rates, there is no difference in thrust
variations between rotors with different disk loadings.
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Figure 7: Yaggy and Mort [32] rotor thrust measurements in axial descent for different values of
disk loading [47]

For all rotors, the highest value of thrust fluctuations lies where the magnitudes of downwash and descent
rate are approximately equal. However, as the rate of descent increases, a smaller disk loading induces
greater unsteadiness during VRS. This suggests how rotors with smaller disk loading are more likely to be
affected by this safety threat as a smaller descent velocity is required to initiate the VRS onset.
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The test results that have been reviewed above suggest that VRS involves important aperiodic load
fluctuations when the rotor operates at a descent rate that approaches the magnitude of the hover-induced
inflow. Additionally, Drees [10] and Yaggy [32] also observed that the largest thrust variations occur
when a small edgewise component of the freestream inflow is included. Washizu et al. [30] investigated
this aspect by calculating the induced inflow of a rotor operating in inclined descending flight, as shown
in Figure 8. The wind tunnel tests involved different angles of attack of the disk, spanning from 90° to 0°,
which represent axial descent and forward flight, respectively.
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Figure 8: Washizu et al. [30] measurements of rotor-induced velocity in inclined descents [47]

Washizu quantified the thrust fluctuations and observed how, at angles of attack below 50°, the induced
velocity was well-predicted by momentum theory. Also, he estimated the high power required in steep
descents, proving how momentum theory fails to accurately predict rotor performance within the VRS
flight regime.

More recent is the experimental study of Stack et al. [27], who describes the large thrust variations during
VRS. Excellent flow visualizations were obtained using a three-bladed rotor operating under water. The
time-history of thrust variations was measured for different combinations of descent rates, angles of
attack of the disk, and collective pitch angles. The most dramatic peak-to-peak amplitudes of the thrust
variations resulted in being up to 95 % of the mean thrust at normalized descent speeds within the range
of 1 to 1.5. In the presence of the well-developed vortex ring, a severe reduction in thrust was observed,
followed by a full thrust recovery after vortex shedding.

Often cited in the literature are the results obtained by the wind tunnel tests of Betzina [1], who studied a
relatively highly loaded rotor representative of the one used on a tiltrotor. He observed that the highest
thrust oscillations caused by VRS appeared when the angle of attack of the disk was between 50° and 80°.
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Betzina recognized the importance of the negative damping region, first identified by Gessow [12] in
1954. This region is often recognized as the most important part of VRS. It represents vertical damping
instability, where the slope of thrust versus descent rate becomes negative. Here at a fixed collective
pitch, if a disturbance initiates an increase in descent rate, the rotor responds with a decrease in thrust,
which consequently causes a higher descent rate. This flight characteristic is often used to define the entry
into a VRS event. Taghizad et al. [29] performed extensive flight tests through the VRS flight regime and
recognized the most distinctive feature of VRS to be the sudden increase in descent rate. The types of
flight procedures used to investigate the VRS boundaries included a progressive decrease of collective
while in forward flight and a progressive decrease of forward speed while in descending flight. A
comparison of Taghizad’s results with the data obtained by Yeates [33] and Brotherhood [4] is plotted in

Figure 9.
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Figure 9: Published VRS flight data [19]

Very extensive flight tests into fully developed VRS regime have been conducted by the V-22 Integrated
Test Team (ITT) [2,19] over a three-year period. The tests involved steady descents for the investigation
of the VRS boundaries and dynamic maneuvers for the exploration of the tiltrotor behavior well beyond
typical operational limits. It was observed that the entry into VRS was delayed by the high disk loading of
the V-22, in concordance with the results of Yaggy and Mort [32]. Also, contrary to the findings of
Castles and Grey [6], it was observed that blade twist did not play an important role in defining the VRS
boundaries. Compared to helicopters, tilt rotors have unique handling qualities at the VRS boundary.
They experience control degradation in the roll axis, and a small rotation of the nacelles represents a fast
and effective recovery technique. Despite those differences, it was measured that the non-dimensional
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VRS boundaries are very similar to the ones affecting conventional helicopters. The results obtained by
the V-22 ITT provided remarkable insights about portions of the flight envelope never explored before.

Throughout the years, each of the above tests progressively enhanced the understanding of this complex
safety threat and helped increase pilots’ awareness on preventing VRS encounters.

Physics-Based Models to Simulate Vortex Ring State

For an operating rotor, each blade emits a tip vortex filament that follows a helical path below the rotor.
During normal working states (i.e., hover and climb), those filaments are well organized, forming a
smooth contracting cylindrical column. In those cases, momentum theory represents a good tool for
calculating basic rotor performance. The downwash at the rotor, induced by the sum of contributions of
each vortex filament, can be adequately approximated with simple momentum theory. However, in axial
descent, the freestream velocity causes the tip vortex filaments to distort, and more complex flow patterns
exist at the rotor. A distinct slipstream boundary ceases to exist, a definite control volume around the
rotor and its wake cannot be established, and momentum theory becomes invalid [15]. As seen in the last
section, several flight tests and wind tunnel experiments have been conducted to investigate this flight
regime. Since the induced velocity at the rotor cannot be directly obtained, the measurements of rotor
thrust and power have been used over time to develop empirical models able to link the freestream inflow
at the rotor-induced inflow. Because of the large load fluctuations recorded during the tests, the induced
inflow is estimated using smooth curve fit approximations. Glauert [14, 13] was one of the first to
conduct a mathematical analysis of the problem, estimating the rotor inflow using the thrust and collective
data measured by Lock et al. [22, 23]. Figure 10, where the induced inflow is plotted against the climb
velocity, both normalized by the hover-induced velocity, shows the induced inflow curve estimation
carried out by Gessow [15] using the test measurements of Lock [23], Brotherhood [4] and Drees [10].
Washizu [30] measurements are also shown to emphasize the oscillations recorded during VRS.
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Figure 10: Induced velocity variation as a function of axial velocity [47]
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A semi-empirical model was developed by Young [34], linking the normal and windmill working states
with linear functions. This approximation proved to match well the laboratory test data of Castel and Grey
[6], allowing the estimation of a reliable value of the induced velocity in ideal autorotation.

Nevertheless, estimating the rotor-induced inflow is not the only challenge faced by analytical methods. A
key task is the definition of the VRS boundary criteria. In fact, the definition of reliable VRS boundaries
can be used to establish appropriate flags in simulation models. Wolkovitch [31] used momentum theory
to predict the critical speeds and angles of attack of the rotor disk in which VRS is encountered. The
induced velocity at the actuator disk is uniform and represented by the value v. Wolkovitch assumed that
the slipstream is separated from the relative wind V by a series of tip vortices forming a tube of vorticity.
Each vortex moves away from the rotor at a rate of descent equal to the mean between upflow and
slipstream velocities, as depicted in Figure 11. The vortex ring state was associated with the breakdown of
this protective tube of vorticity. At a critical descent rate, the relative speed of the vortices falls to zero, no
longer moving away from the rotor. In this condition, a smooth slipstream ceases to exist, as no vortex
tube is absorbing the shear velocity differential between upflow and slipstream, leading to unsteady flow.
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Figure 11: Wolkovitch’s flow model [31]

The predicted upper and lower boundaries of VRS are compared with Drees’ region of roughness in
Figure 12. It is noted how the normalized upper boundary in axial descent was calculated to be

approximately 0.707. Instead, the lower boundary results are less definite, as the development of the
unsteady flow is less sudden, and it is defined as a function of an empirical constant k that takes into
account the distance above the rotor where the breakdown of the protective tube of vorticity occurs.
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Figure 12: Drees’ region of roughness [8-10]

An interesting method for VRS boundary estimation and VRS investigation was also proposed by
Newman et al. An interpolation of the limiting cases of momentum theory was used to predict the induced
inflow as a function of descent rate for different in-plane velocities, a seen in Figure 13.
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Figure 13: Inflow model defined by Newman from momentum theory [81]

Further, simple momentum theory was augmented with physical arguments to derive the onset of the
rotor wake breakdown during inclined descents. A balance between the rotor vorticity deposition into the
wake and the rate at which the vorticity is swept away was defined as:
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Below a critical value of this velocity of vorticity transport in the wake, the velocity through the rotor is
not sufficient to force the tip vortices away from the rotor leading to VRS. Hence, the combination of
descent rates and forward speeds that satisfies the above relationship defines the VRS boundaries in
which wake breakdown takes place. An empirical constant k is used to model the lower effect of the in-
plane velocity component on the critical velocity of vorticity transport in the wake. The results of this
simple model were also supported by a detailed numerical investigation that revealed important physical
insights into the wake breakdown during the VRS flight regime. Dynamic effects were investigated, and it
was noted how rapid rotor maneuvers may impact VRS development. Also, it was observed how blade
parameters, e.g., blade twist and taper, may influence the vorticity distribution in the flow affecting the
VRS onset. VRS boundary results compare well with the previous published data of Drees [10],
Brotherhood [4], Yaggy and Mort [32], and Washizu et al. [30]. In 2004 a remarkable contribution was
given by Johnson [18], who developed a uniform inflow model appropriate for VRS flight regimes that
allowed for real-time dynamic simulations. The model is an empirical extension of momentum theory and
is based on test data available in the literature, including the wind tunnel experiments of Castles and Grey
[6], Empey and Ormiston [11], Betzina [1], and the flight tests of Taghizad et al. [16, 17, 29]. Deriving
the inflow from the test results, Johnson observed that in VRS, at fixed collective, the value of the total
inflow curve increases for increasing descent rates, as seen in Figure 14.
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Figure 14: Comparison between Johnson’s model and Betzina wind tunnel tests [47]

February 16, 2023 H-SE 81 Page 27 of 77



Improve Simulator Modeling for Outside-the-Envelope Flight Conditions - Helicopter Safety Team

Johnson acknowledged how this negative slope in the total inflow is the direct cause of the instability in
the vertical motion, confirming Gessow’s intuition [12], and included this essential characteristic in his
model with the intent of simulating the negative damping of the aircraft seen in real flight tests during
VRS. Further, the VRS boundary was estimated such that it would enclose most of the flight test results
available, and for convenience, it was defined as the locus of points where the slope of the inflow curve is
zero. A comparison of the VRS boundaries determined by Johnson with other results obtained from the
literature is shown in Figure 15.
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Figure 15: Existing vortex ring state boundaries [47]

Because the model was built using a collection of several experimental data, it simulates well the dynamic
response of different helicopters. Dynamic simulations that included VRS encounters were performed,
and a loss control sensitivity was observed at large rates of descent induced by the vertical damping
instability. A good correlation was found with the flight test results of Taghizad et al. [16, 17, 29].

Johnson’s model was acknowledged and discussed also by Brand et al. [3] in a paper focused on the
investigation of the physical nature of VRS. It was noted that if the maximum value of the total induced
inflow is about 1.5 the hover-induced velocity while the normalized descent rate is about -1.5, then the
contribution of the induced inflow is close to 3 times the hover-induced inflow. This was a key
observation that led the authors to reconsider VRS as a phenomenon involving a stable and organized
wake structure. In fact, such a high value of the rotor-induced velocity is possible only if the vortex
filaments are highly organized in a single vortex ring in proximity to the rotor, dominating the descending
inflow field. Hence, a deep investigation of how the blade tip vortices influence the rotor in axial descent
was carried out. A model was able to recognize how vorticity influences the rotor wake was used. The
ring emitter model was developed for axial performance estimations. The helical wake is replaced by a
series of vortex rings that are emitted by each blade at each rotor revolution. The model captures the
organized accumulation of tip vortices in proximity to the rotor, which is recognized as the fundamental
dynamic of VRS. As depicted in Figure 16, when the rotor descends into its own wake, the vortices
interfere with each other and co-rotate, eventually merging into a highly stable vortex ring structure. The
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induced inflow rapidly increases because of the accumulation of highly organized vorticity. Blade vortex
interactions are caused by the passage of the newborn tip vortices through the rotor plane as they propel
downward. While the rotor is approaching the negative damping region of Figure 14, a rapid thrust loss
occurs, and the rotor falls through the ring in a stable flow state.
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Figure 16: The fundamental dynamic of vortex ring state [3]

A more accurate investigation of aperiodic wake developments can be computed using free-vortex wake
models. Those approaches allow for examining in much more detail the effects of rotor geometry and
maneuvering flights. The main disadvantage of vortex models is the relatively large computational
expense in the calculation of the induced velocity field. At each time step, the numerical integration of the
Biot-Savart law must be evaluated over all the elements of each vortex filament, as seen in Figure 17,
which may be discretized in several hundred or thousands of segments. The recent works of Brown [5]
and Leishman [21] show good predictive capabilities of the rotor wake breakdown during VRS. To
illustrate the effects of rate of descent on rotor wake development, the Figure captures the time-marching
solution when the accumulated vorticity begins to greatly affect the blade loads [21].
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Figure 17: The aperiodic wake developments in the vortex ring state computed by free-vortex
wake models

Mast Bumping

Of all the accident types plaguing modern rotorcraft, perhaps the most shocking, unavoidably fatal, yet
poorly understood is a phenomenon known as “mast bumping.” This term describes a failure mode
inherent in all rotorcraft employing a teetering main rotor hub, such as the Robinson R44 hub shown in
Figure 18. In specific flight conditions, the excessive flapping of the rotor blades may lead to interference
between the flapping stops and the mast, which frequently leads to shaft structural failure and subsequent
total separation of the rotor from the fuselage [37]. After the rotor departs the aircraft, the vehicle is left
without a primary lifting device, and further flight, control, or even an emergency landing is impossible.
Additionally, the rotor blades frequently enter the cockpit of the vehicle, potentially severing fuel lines or
the occupants’ extremities [38], further decreasing the possibility of survival.

Mast bumping is possibly the most unavoidably fatal accident type: in the history of vertical flight, only a
single person, Col. Larry B. Higgins, is known to have survived a mast bumping accident, which he
accomplished by exiting the vehicle through the hole in the fuselage left by the rotor blade and
parachuting to safety [38]. Otherwise, mast bumping accidents are unsurvivable. The heavy reliance of
the US Army on UH-1 Huey and AH-1 Cobra helicopters, which both featured teetering rotor designs,
during the Vietnam war led to approximately 250 crew deaths connected to mast bumping between 1967
and 1984 [38]. The negative consequences of mast bumping accidents are not only humanitarian. In 1984,
Bell Helicopter Textron, the manufacturer of the UH-1 and the AH-1, faced over $250 million in
wrongful death lawsuits filed by the families of pilots lost to mast bumping. Bell ultimately settled the
lawsuits [38]. Although the US military has largely phased out the use of teetering rotor helicopters
(updated versions of the UH-1 and AH-1 use four-bladed articulated hub designs), mast bumping
continues to cause fatalities in the rotorcraft general aviation (GA) community to this day [39].

Teetering rotor designs offer a number of advantages to manufacturers of light GA helicopters. Namely,
teetering rotors offer a simpler design, lower weight and expense, reduced maintenance burden, and
improved handling qualities over more complex articulated, hingeless, or bearingless alternatives [40]. As
a result, manufacturers such as Bell Helicopter Textron and Robinson Helicopter Company have
embraced the design despite its known safety flaws. As illustrated in Table 1, nearly 25,000 GA rotorcraft
have been produced with teetering rotors in the US since 1946, and the most recent GA models from
these manufacturers continue to use this design.

Excessive flapping of the rotor blades may cause the flapping stops to strike the mast, which frequently
leads to total separation of the rotor from the fuselage. It often occurs during low-g conditions in teetering
rotors.
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Table 1: Quantities of GA helicopters using teetering rotor designs produced in the US

Manufacturer Model Year introduced Quantity produced®

Bell 47 1946 6,000
Bell 206 1967 7.300
Bell 505 2017 50
Robinson R22 1979 4,600
Robinson R44 1993 5,800
Robinson R66 2007 800

* All quantities are approximations from [6]

As a result of the high amount of accidents specific to the Robinson R22 and R44 types, both due to the
threat of mast bumping and issues caused by the low-inertia rotor system, the FAA has issued special
regulations requiring additional training for pilots of these models [41] and prohibiting specific
maneuvers that may lead to mast bumping incidents, such as low-G pushovers. These prohibitions on
specific maneuvers extend to flight instruction, thus preventing instructors from demonstrating low-G
maneuvers as well as the proper recovery technique to avoid mast bumping in these cases. As a result,
student pilots may not be adequately trained to recognize and recover from situations that lead to mast
bumping.

The naturalistic decision-making model posits that pilots’ critical thinking performance in such a situation
may be directly related to the ability to recall similar past situations [42]. Thus the inability to experience
and recover from potentially risky situations may harm pilots’ aeronautical decision-making (ADM)
skills. Additionally, specific accident reports indicate that certain causes of mast bumping may still be
unknown. In the aforementioned case of Col. Higgins, the accident occurred while his AH-1 was flying
straight-and-level, after the application of “three-quarters of an inch” of right pedal, an input that should
not induce mast bumping [43].

A 1973 US Army Safety Center report identified 47 mast bumping accidents, of which 27 were reported
to have occurred in “normal cruise flight” [44]. In a more modern example, a flight instructor and a
student were killed in an R22 after mast bumping occurred during a shallow left turn. Subsequent analysis
of the cockpit voice recorder indicated that none of the currently known conditions that may lead to a
mast bumping event occurred in this case [39]. Compounding the issue, few flight-testing studies aimed at
identifying underlying causes and mechanisms of mast bumping have been performed due to the extreme
danger such a study would pose to the test pilot [39]. As a result, computational simulations are necessary
to gain knowledge and enable improvements in flight and design safety.

Mast bumping incidents are a unique combination of rotor hub geometry, vehicle flight conditions, and
the pilot’s control inputs. In order to understand the aerodynamic and dynamic mechanisms behind mast
bumping, a brief discussion of the physics of such an incident is necessary. Mast bumping events
typically occur when specific flight conditions, combined with inappropriate pilot control inputs, cause
excessive rotor flapping. Most commonly, they are the result of a cyclic input while the rotor disc is
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lightly loaded. For example, picture a low-G pushover, perhaps performed as part of a nap-of-the-earth
flight profile in order to clear a ridge. For reference, an illustration of a simplified teetering rotor system is
presented in Figure 18.

Rotor hub

Teetering hinge

Coning hinge

Shaft or Mast = Flapping stop

Figure 18: Simplified diagram of a teetering rotor system

Prior to the pushover, the vehicle is flying with a load of approximately one G, meaning that the thrust
produced by the rotor is roughly equal to the vehicle’s weight. In this state, the rotor blades typically flap
with an angle, B, of roughly two to four degrees due to aerodynamic loading on the advancing blade. As
the pilot applies forward cyclic to enter the pushover, the loading on the rotor decreases as the vehicle
accelerates downwards. It is possible to reach zero or even negative Gs during this type of maneuver.
Because teetering rotors have no flapping hinge offset, their ability to impart rolling moments to the
fuselage is directly proportional to the amount of thrust being produced by the rotor. As the load on the
rotor decreases, it loses its ability to counteract the rolling moment produced by the tail rotor, which
typically causes a right roll (when seen from behind the vehicle) due to its position above the vehicle’s
center of gravity (CG). As a result, the vehicle begins to roll to the right. The pilot, unless educated
otherwise, will likely attempt to cancel this right roll by applying left cyclic. However, as the rotor is still
unloaded, it is unable to produce a significant left rolling moment, although the tip path plane of the
blades will still rotate leftwards due to the left cyclic input. This drastically increases 3, potentially to
values as high as 10—12 degrees, causing the flapping stops to strike the mast. This contact occurs twice
per rotor revolution until the mast breaks, causing rotor separation in as little as one-tenth of a second
[37]. Any flight condition that may increase flapping far above normal levels thus carries a risk of mast
bumping. In addition to low-G pushovers, mast bumping can be caused by high-speed forward flight
through heavy turbulence, mask-unmask maneuvers, steep descending nose-low turns, high gross weight,
extreme CG positions, or low rotor RPM caused by an engine failure or rotor stall [37].

A small number of studies have been performed to investigate mast bumping causes and prevention.
Flight tests have been performed by Bell and Robinson during investigations into accidents. However,
these flight tests typically abort the maneuver short of initiating excessive flapping in the interest of safety
[39]. However, two significant computational studies related to flapping and mast bumping have been
performed. In 1976, prompted by recent discoveries concerning the dangers of excessive flapping, Bell
conducted a study into the issue for the US Army Air Mobility Research and Development Laboratory
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[45]. Using an early version of the C81 comprehensive analysis software, Bell studied the sensitivity of
flapping to variations in airspeed, thrust, CG location, and control inputs across a variety of maneuvers
and for multiple rotor architectures, including teetering, articulated, and hingeless designs. Specifically,
Bell found that flapping increased significantly at extreme CG locations, under low-G conditions, as a
result of abrupt control inputs and conditions involving significant retreating blade stall. The authors of
the study proposed flapping limit criteria to be used in the design of future vehicles, recommended
improved training methods for pilots, and suggested the use of a G-force or flapping indicator to warn
pilots when they entered potentially risky situations. Nearly 20 years later, Dr. Daniel Schrage, a
professor at the Georgia Institute of Technology, led a team that developed a physics-based simulation of
the Robinson R22 vehicle [46] at the behest of the FAA, who were concerned with the high accident rate
of that vehicle type, which is commonly used in flight schools [39]. After building a highly accurate
model of the R22 in FLIGHTLAB based on engineering data provided by Robinson, Schrage and his
team simulated the response of the R22 to vertical gusts, low-G pushover maneuvers, and rotor stalls at
low RPM, identifying several permutations of these cases that led to mast bumping or tail strike incidents.
Despite Schrage’s and the NTSB’s recommendations that the study be expanded, the project was
discontinued in 1998 due to FAA concerns related to computational expense, model validation, and the
general applicability of the results [39].

Loss of Tail Rotor Effectiveness

Most helicopters in production have a single main rotor with a tail rotor configuration design. With a
single main rotor helicopter, the presence of an antitorque system becomes essential. By Newton’s Third
Law, the main rotor rotation causes a torque reaction on the fuselage that, if not countered by an
antitorque force, would cause the helicopter body to turn in the opposite direction of the main rotor
rotation. The tail rotor system not only provides that antitorque force but also gives yaw stability and
allows for directional control about the yaw axis [47,48].

Because of the changes in wind direction and velocity, the required tail rotor thrust in actual flight has to
be continuously modified to maintain heading. However, both gusty and steady winds from specific wind
azimuth regions may alter the angle and/or speed of the air flow through the tail rotor leading to Loss of
Tail rotor Effectiveness (LTE). As detailed by the Federal Aviation Administration [51]:

“LTE is a critical, low-speed aerodynamic flight characteristic which can result in an uncommanded
rapid yaw rate that does not subside of its own accord and, if not corrected, can result in the loss of
aircraft control.”

Significant ambiguity surrounds the nature of this phenomenon. As detailed in Chapter 1, within the
literature, different names and definitions are found, together with inconsistent descriptions of recovery
techniques. Even flight training simulators do not represent this condition well enough. All these
ambiguities lead to misleading pilot training and low awareness during flights. The dramatic
consequences are seen in the number of LTE accidents. Between 2004 and 2014, the National
Transportation Safety Board investigated more than 50 accidents in which LTE was recognized to be a
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strong contributing factor [50]. Within those accidents, a significant number of pilots were unable to
recover when the helicopter encountered LTE, in most cases due to inappropriate recovery attempts and
the low altitude conditions. The flight conditions that seem to be particularly susceptible to LTE involve
low airspeed maneuvers, particularly when the wind conditions are difficult to establish while flying.

Numerous flight and wind tunnel tests [51,55] have shown that LTE is not caused by a mechanical
malfunction, and it may happen in any single main rotor helicopter. Also, it is not necessarily related to a
control margin insufficiency, as enough anti-torque control was still available during several tests. It was
also demonstrated that the tail rotor does not stall, and it is possible to recover from it. However, if an
incorrect or slow pilot response is applied, the yaw rate may rapidly increase to the point of no possible
recovery.

The results obtained by the Joint Special Study Group [53,54,56] have identified specific wind azimuth
regions that can create a loss of tail rotor effectiveness.

Specifically, they are weathercock stability, tail rotor vortex ring state, and main rotor vortex interaction
with the tail rotor. The study established that each flight condition was a key contributing factor to this
complex phenomenon. The results of a comprehensive wind tunnel test on an OH-58 KIOWA scale
model [57], shown in Figure 19, well visualize the wind azimuths responsible for those dangerous flight
conditions.
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Figure 19: Yaw moment characteristics of the OH-58 for variation of wind azimuth at constant
wind velocity [565]

During the test, the aircraft yaw moment was measured while rotating the model at a fixed yaw rate. A
fixed collective pitch of the tail rotor blades, together with a constant low wind speed within the tunnel,
allowed investigation of the resulting yaw moment fluctuations, mainly caused by the effects of the wind
variations through the tail rotor. It was seen how specific relative wind conditions are more likely to
trigger LTE, altering the angle and/or the speed of the airflow through the tail rotor. Although the test did
not involve a trim flight condition (i.e., the sum of the moments was never equal to zero), the trend of the
yaw moment was used as an indication of the pilot pedal workload variation. The wind azimuth regions
shift depending on the wind condition, and they may overlap, causing the most pronounced tail rotor
thrust variations in the overlapping areas. It was observed that pilots should always be aware of the
changes in wind conditions and avoid critical flight scenarios where the tail rotor thrust fluctuations are
present. Detailed modeling of the different LTE flight characteristics is provided by Zanella [75], while
their characterization is provided below.

LTE flight characteristics

The LTE phenomenon, referred to as weathercock stability, is characterized by relative tailwinds from
120 to 240 degrees, as in Figure 20. During this scenario, the tailwinds will attempt to weathervane the
aircraft away from the equilibrium flight condition. The helicopter will make a slow uncommanded turn,
depending upon the wind direction, unless a resisting pedal input is made. This kind of tailwind is a yaw
rate accelerator, and if a yaw rate has been previously established, it will be rapidly accelerated in the
same direction. The helicopter can be operated safely if proper attention is given to maintaining control.
However, rapid and continuous pedal movements are necessary, greatly increasing the pilot workload
[51].
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Figure 20: Wind azimuth region of weathercock stability [51]

The main rotor vortex interference is another phenomenon recognized as a contributor to LTE behavior.
Many studies of the main rotor wake in quartering flight have shown that the vortices created by the main
rotor strongly influence the tail rotor thrust because they can strongly influence the inflow conditions. The
FAA recognizes the impact of the main rotor-to-tail rotor interaction during quartering flight to the left or
during hovering with low-speed wind from a wind azimuth of about 300 degrees. When the main rotor
vortex wake is blown into the tail rotor by the relative wind, as shown in Figure 21, the tail rotor operates
in an extremely turbulent environment [51].

While the flight tests conducted by both the U.S. Army and the FAA revealed the left quartering flight to
be more dangerous, Padfield [58] describes the quartering flight to the right, as shown in Figure 22, as the
most critical condition. The tail rotor is exposed to a powerful effect of the advancing blade tip vortices as
they are swept downstream, greatly reducing the tail rotor control margins. During this condition,
commonly known as the phenomenon of running out of pedal, the tail rotor may not produce enough
thrust to ensure directional control of the aircraft. If a right yaw rate is allowed to increase, it may be
dramatically accelerated by the phenomenon of weathercock stability leading to loss of directional
control.
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Figure 21: Wind azimuth region of main rotor vortex interaction with the tail rotor [51]
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Figure 22: Tail rotor in right quartering flight [58]

A tail rotor may be operating in Vortex Ring State (VRS) when the aircraft is impacted by a relative
crosswind with azimuth between 210 to 330 degrees, as shown in Figure 23. This phenomenon may
develop while hovering in a left crosswind, during sideward flights to the left while maintaining low
forward speeds, or even during a hovering turn to the right. During this scenario, the rotor-induced inflow
is opposed by a crosswind creating a non-uniform and unsteady environment. Significant thrust
fluctuations are present, which cause continuous yaw variations. Rapid and continuous pedal inputs are
needed to compensate for the changes in tail rotor thrust during VRS. This greatly increases pilot
workload, as shown in Figure 24, which describes the pedal activity during a left-sideward flight of a
Hughes AH-64 [59]. Flight tests revealed that maintaining heading with relative crosswinds from the left
is very difficult and that smooth pedal corrective actions are essential to compensate for the incessant yaw
variations. However, LTE may occur if the pilot overcontrols the helicopter [51].
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Figure 23: Wind azimuth region of tail rotor vortex ring state [51]
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Figure 24: Pedal activity in left sideward flight of Hughes AH-64 [59]

Analysis of LTE accident scenarios

An extended accident review has been carried out within the NTSB aviation accident database, which
contains information from 1962 and later about civil aviation accidents and incidents within the United
States. As stated in the Code of Federal Regulations, specifically within title 49 CFR part 830.2, an
“aircraft accident means an occurrence associated with the operation of an aircraft which takes place
between the time any person boards the aircraft with the intention of flight and all such persons have
disembarked, and in which any person suffers death or serious injury, or in which the aircraft receives
substantial damage.” Instead, “incident means an occurrence other than an accident, associated with the
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operation of an aircraft, which affects or could affect the safety of operations.” More than 150 reports of
both accidents and incidents related to LTE are stored within the NTSB database. With the goal of
keeping the analysis simple and concise, this section focuses only on accidents in which at least one
person was fatally injured, commonly called fatal accidents. Hence, the analysis is based on a total of 15
fatal accidents. Each accident report was reviewed, and within each accident, the most probable causes
that led to LTE were identified. The analysis includes the most significant LTE scenarios to gain a better
comprehensive understanding of the different threats that may lead to LTE. In the following section, the
LTE threats identified are described using the most significant accidents within the 15 available [60-72].

The first threat identified was the pilot’s lack of total experience in flying helicopters. This factor has
been acknowledged as the most probable cause that led to LTE causing 2 fatalities on June 2000 in
Topeka, Kansas. A Schweizer 269-C police helicopter was providing night airborne surveillance support
to a police ground unit. The pilot's failure to maintain translational lift while maneuvering caused LTE. A
check of the pilot's background revealed that he had 148.9 total hours in helicopters, all within the 84
days preceding the accident [60]. Another example on June 2002 in Norfolk, Nebraska, an Airbus H125
air medical helicopter severely impacted the terrain after departure due to LTE, which was triggered by
the pilot’s lack of experience with the specific helicopter model flown. Indeed, the gusty wind condition
caused the pilot to lose control of the helicopter causing 3 fatalities [61]. Pilot experience is an essential
factor that may heavily influence flight performance. An increment of pilot training hours and flight
report evaluations may enhance pilots’ risk awareness, decreasing the chance of LTE accidents.

Another threat was identified when reviewing the accident of July 8th, 1996. A Bell 206B crashed in
Salem, Ohio, killing all 5 passengers because of the pilot's impairment of judgment and performance due
to alcohol that induced a disregard for the aircraft's balance while hovering out of ground effect. The
pilot’s toxicological results tested positive for the presence of alcohol [62]. Pilots are required to have a
periodic aviation medical examination to exercise the privileges of their certificate. In addition, operator
employers should have a drug screening program in place. Furthermore, compliance training on
maintaining proper fitness for flight should be required. Increased attention and education on the benefits
of using a fitness-for-flight checklist and on the dangers of flying while under the influence of drugs or
alcohol could prevent this issue from reoccurring.

Further, multiple accidents are characterized by maneuvering at low airspeed in proximity or exceedance
of maximum takeoff weight. This is often caused by improper preflight planning. In particular, NTSB
determined that the probable cause of the accident involving a McDonnell Douglas 369E on December
1989 in Santa Rosa, California, was the exceedance of maximum takeoff weight. The pilot’s improper
preflight decision and the execution of a downwind climbing turn after departure triggered LTE causing a
fatality and a serious injury [63]. Similarly, on October 2011, a tragic accident in New York City was
caused by the pilot’s inadequate preflight planning. A Bell 206B helicopter was in excess of its maximum
allowable takeoff gross weight. A right downwind turn at low airspeed evolved into an uncontrollable
spin, causing two fatalities and a serious injury [64]. Hence, performing good performance planning and
weight-and-balance calculations before takeoff is of fundamental importance to prevent the triggering of
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LTE events.

Low airspeed maneuvers with adverse environmental conditions, such as gusty winds and/or high density
altitude, have also been identified as a very common threat. This scenario increases the pilot’s workload,
and it may lead to a pilot’s failure to maintain helicopter heading. It is important to remember that density
altitude increases as field elevation, temperature, or humidity increase, compromising overall flight
performance. That is why consulting weather reports and adjusting flying schedules accordingly are
essential to good preflight planning. On February 2012, in Moran, Wyoming, a Bell 407 crashed during a
search and rescue mission in response to a snowmobile accident in remote, mountainous terrain. The loss
of control due to LTE occurred while hovering at a high density altitude, about 9000 feet, causing one
fatality and two serious injuries. Hovering in out of ground effect while at a high density altitude
characterizes the accident of July 2003 in Whiteriver, Arizona. A Bell 206-L3 flight's mission was to
insert a helicopter fire attack crew at the location of a wildfire. The density altitude was 11968 feet,
which, combined with the near maximum required torque while hovering out of ground effect, resulted in
a loss of tail rotor effectiveness and a loss of control with two fatalities and two serious injuries [65].

Additionally, on May 2008, in Sunrise Beach, Missouri, a McDonnell Douglas 500E started rotating
rapidly to the right while approaching the helipad. Multiple witnesses reported that the helicopter spun
four or five times before impacting the water, causing one fatality and one serious injury. Contributing to
the accident was the pilot's decision to fly in known adverse weather conditions and the gusty winds
generated from convective outflow. Contributing to the severity of the injuries was the pilot's failure to
provide a safety briefing to his passengers in accordance with Federal Aviation Regulations [66]. It is
fundamental for the pilot to maintain an acute awareness of wind and its effect on the aircraft. However,
even with proper wind awareness, the pilot may not apply the right corrective action to the wind
variations causing the pilot’s failure to maintain aircraft control.

Low airspeed maneuvers with tailwinds or a left crosswind have also been identified as another threat. On
February 2005, in Gentry, Arkansas, a Bell 206-L1 experienced LTE while hovering out of ground effect
with crosswinds. The pilot initiated an autorotation which he stated stopped the spinning. However, there
was not sufficient main rotor rpm to stop the high rate of descent, which ended in a ground collision that
led to 1 fatality and three serious injuries [67]. Further, the pilot of a Robinson R22-Beta on December
1997 in Belle Vernon, Pennsylvania, performed an improper out of ground effect hover procedure with a
10-knot tailwind, which resulted in LTE. When the pilot raised the collective to maneuver, the helicopter
began to spin to the right and finally impacted the ground, causing a fatality [68]. Rapid and continuous
pedal movements are necessary to maintain heading. However, the pilot may have over-controlled the
helicopter, losing directional control. Also, power should be applied as smoothly as possible to not cause
a power droop.

On August 2001, in Baltimore, Maryland, a Bell 206B was taking aerial photographs of a large airport
expansion construction project. A low airspeed right turn turned out to be fatal for the two crew members.
The pilot failed to counteract the reduction in tail rotor thrust caused by the main rotor disc vortex
interference. It is very important for the pilot to not neglect wind direction and wind velocity and to
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always react with a quick response to any wind variation [69].

A very common threat is the execution of low airspeed downwind turns. An example is given by the
accident that happened on January 1998, over the Pacific Ocean. A Hughes 369D, after taking off from a
ship, climbed to about 400 feet, turned downwind, and descended with a prevailing 15-knot tailwind.
Neither the descent nor the turn was arrested until the helicopter impacted the water, causing the pilot’s
death [70]. This maneuver is even more dangerous in proximity or exceedance of maximum takeoff
weight, as happened in the already mentioned accidents of the Bell 206B in New York in 2011 and the
MD 369E in Santa Rosa in 1989 [64]. The low rotor rpm warning horn is a good signal to indicate high
power demand on the main rotor system, but the pilot may confuse it with the engine malfunction
warning horn, not eventually applying the right corrective maneuvers. Also, rapid and continuous pedal
movements are required to maintain helicopter heading, but the tail rotor thrust may not be sufficient if
the tail rotor is already producing 100\% of directional control. The pilot may neglect wind direction and
velocity leading to loss of translational lift, which increases power demand and anti-torque requirements.

Finally, the application of collective pitch at low airspeed represents a threat that may lead to an LTE
event. On October 2014, in Wichita Falls, Texas, the pilot of a Bell 206-L1 failed to maintain yaw
control leading to the death of three people. The factor that triggered rapid, unanticipated right yaw due to
LTE was the fast power application to execute a go-around at low airspeed [71]. This threat becomes even
more dangerous when the helicopter is in a high-power demand situation, like in the already mentioned
accident of the Robinson R22-Beta in Belle Vernon in 1997.

As recommended in the FAA Advisory Circular 90-95, if an unanticipated yaw occurs, the pilot should
maintain full anti-torque pedal input opposite to the direction of the yaw. When allowed, simultaneously
move cyclic forward to increase speed until the recovery is completed. A collective pitch reduction will
aid in arresting the yaw rate, but may cause an excessive rate of descent. The decision to reduce collective
must be based on the pilot's assessment of the altitude available for recovery. If the spin cannot be
stopped and ground contact is imminent, an autorotation may be the best course of action. The pilot
should maintain full anti-torque pedal application until the spin stops, then adjust to maintain heading
[51]. A safety briefing to the passenger(s) shall be conducted before each flight, but it may not be
effective in preventing fatalities due to the challenge of escaping from water entrapment or an explosion
after a ground collision.

Unintended Flight into Instrument Meteorological Conditions (UIMC)

The unintended visual flight rules (VFR) flight into instrument meteorological conditions (IMC) is a
major safety hazard in general aviation. Wiegmann [76] examined pilots' decisions to continue or divert
from a VFR flight into IMC during a dynamic simulation of a cross-country flight. Pilots encountered
IMC either early or later into the flight, and the amount of time and distance pilots flew into the adverse
weather prior to diverting was recorded. Results revealed that pilots who encountered the deteriorating
weather earlier in the flight flew longer into the weather prior to diverting and had more optimistic
estimates of weather conditions than pilots who encountered the deteriorating weather later in the flight.
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Both the time and distance traveled into the weather prior to diverting were negatively correlated with
pilots' previous flight experience. These findings suggest that VFR flight into IMC may be attributable, at
least in part, to poor situation assessment and experience rather than to motivational judgment that
induces risk-taking behavior as more time and effort are invested in a flight. Actual or potential
applications of this research include the design of interventions that focus on improving weather
evaluation skills in addition to addressing risk-taking attitudes.

With regard to the models involving visibility prediction, Gultepe et al. [77] developed a new warm-fog
visibility parameterization scheme for numerical weather prediction (NWP) models. In situ observations
collected during the Radiation and Aerosol Cloud Experiment, representing boundary layer low-level
clouds, were used to develop a parameterization scheme between visibility and a combined parameter as a
function of both droplet number concentration Nd and liquid water content (LWC). The current numerical
weather prediction models usually use relationships between the extinction coefficient and LWC. Gultepe
et al. apply a newly developed parameterization scheme for visibility, Vis = f(LWC, Nd). In this model,
the microphysics of fog was adapted from the 1D Parameterized Fog (PAFOG) model and then was used
in the lower 1.5 km of the atmosphere. The simulations over a 10-h time period showed that visibility
differences between old and new parameterization schemes could be more than 50%. Accurate visibility
estimates require skillful LWC as well as Nd estimates from forecasts. Therefore, models can
significantly over-/underestimate Vis (with more than 50% uncertainty) depending on environmental
conditions. The inclusion of Nd as a prognostic (or parameterized) variable in parameterizations would
significantly improve the operational forecast models.

Another model for visibility prediction is described by Berecek [78]. The Ceiling/Visibility Simulation
Model (WEASIM) is described to be a resident weather simulator within larger host simulation models.
The model generates synthetic observations of ceiling and visibility at multiple locations. WEASIM
preserves the unconditional probabilities of occurrence of ceiling and visibility, as well as the temporal,
spatial, and cross-variable correlations. The Ceiling Visibility simulation model is tuned to a particular
geographic area by inputting modeling coefficients and correlation parameters that were specifically
determined from observed weather data from that area. WEASIM was developed by the United States Air
Force Environmental Technical Applications Center (USAFETAC) in response to a request by
Headquarters United States Air Force, Studies and Analyses (HQ USAF/SA) for such a model. HQ
USAF/SA desired this weather simulation model for inclusion in several theater-level simulations of
military operations.

Autorotation

Autorotation is a flight regime in which the rotor is powered by the airflow through the rotor disk.
Portions of the rotor produce driving torque which maintains the rpm, and keeping the helicopter at the
proper attitude requires deliberate input by the pilot. Since pilots have only one opportunity to execute a
safe landing, extensive practice is needed to master this maneuver. This fact exposes pilots to the hazards
associated with improperly executed autorotation both during practice and actual emergencies. Figure 25
is a simplified representation of the forces acting on a blade element during autorotation. The in-plane

February 16, 2023 H-SE 81 Page 43 of 77



Improve Simulator Modeling for Outside-the-Envelope Flight Conditions - Helicopter Safety Team

components of lift and drag need to be in equilibrium if rotation is to be sustained, and this is only
possible if the component of flow normal to the blade element is upward. This requires descending flight
in a conventional helicopter but is achieved with the autogyro by tilting the rotor aft. Disturbances to lift
and drag will tend to increase or decrease the rotor speed, and substantial variations can be experienced.
This additional degree of freedom introduces an additional mode, and the attendant airframe/rotor speed
and rotor speed/airframe coupling can be complex. The ability of linearized models to capture the
essential behavior of the aircraft in autorotation may be compromised because large changes in rotor
speed will give rise to significant changes in blade element inflow angle and, therefore, angle of attack.
Detailed mathematical modeling of helicopter flight mechanics in autorotation is provided by Houston
[74,79].

b \
X pfade /I
-

Figure 25: Schematic of blade element forces in autorotation

Autorotation may be divided into distinct phases: the entry, the steady state descent, and the deceleration
and touchdown. Each of these phases is aerodynamically different than the others. Entry into autorotation
is performed following a loss of engine power. Immediate indications of power loss are rotor RPM decay
and an out-of-trim condition. The rate of RPM decay is most rapid when the helicopter is at high
collective pitch settings. In most helicopters, it takes only seconds for the RPM decay to reach a minimum
safe range. This may not be represented well enough in some simulators [83]. Pilots must react quickly
and initiate a reduction in collective pitch that will prevent excessive RPM decay. A cyclic flare will help
prevent excessive decay if the failure occurs at high speed. This technique varies with the model
helicopter. Pilots should consult and follow the appropriate aircraft Operator's Manual. As the helicopter
begins to descend, the airflow changes reaching an equilibrium that maintains a safe operating RPM. The
pilot establishes a glide at the proper airspeed, which is 50 to 75 knots, depending on the helicopter and
its gross weight. Rotor RPM should be stabilized at autorotative RPM, which is normally a few turns
higher than normal operating RPM. To successfully perform an autorotative landing, the pilot must
reduce airspeed and rate of descent just before touchdown. Both of these actions can be partially
accomplished by moving the cyclic control to the rear and changing the attitude of the rotor disk in
relation to the relative wind. The attitude change inclines the total force of the rotor disk to the rear and
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slows forward speed. It also increases the angle of attack on all blades by changing the inflow of air. As a
result, the total rotor lifting force is increased, and rate of descent is reduced. RPM also increases when
the total aerodynamic force vector is lengthened, thereby increasing blade kinetic energy available to
cushion the touchdown. After forward speed is reduced to a safe landing speed, the helicopter is placed in
a landing attitude as collective pitch is applied to cushion the touchdown.

The dangers involved in performing autorotation maneuvers are many, e.g., the small window for
successful timing, the wide range of possible entry conditions, and the potentially catastrophic
consequences of a mistake. Eberle [73] focuses on the automation of the autorotation maneuver and the
development of cues to aid in piloted autorotations. Specifically, this is done through the landing point
tracking and reachability determination near landing, the modeling of the predictive control through
touchdown, and the landing site reachability determination algorithm and pilot cue. The landing point
tracking scheme utilizes a biomimetic strategy called tau theory to generate sub-optimal trajectories
nearly instantaneously. A point-mass physical model of the helicopter is then applied to predict states and
control along an input trajectory. These predicted states can be used to determine the feasibility of the
given trajectory. A set of candidate trajectories can be generated and evaluated using these methods to
find a sub-optimal set of reachable landing points. This set of landing points can be used to cue a pilot to
aid with landing point selection. The method offers several potential benefits over existing control
methods, including the capability to intelligently balance state constraints on three outputs using only two
control inputs.

A method for autorotation trajectory planning has been developed by Yomchinda [80]. The objective of
the trajectory planner is to take the aircraft from the point of engine failure to a location where it can
safely perform a flare to landing at a pre-determined location. A mapping of the descent rate as a function
of horizontal speed, horizontal acceleration, rotor speed, and bank angle was developed and modeled with
a polynomial approximation function. Analytical solutions of the trajectory were derived to enhance the
computational efficiency and the reliability of the algorithm. Ultimately the trajectory is described by a
set of 7 parametric controls, including the horizontal velocities at segment connecting points and rotor
speed along each segment as well as the bank angle on the two turning segments. The trajectory must then
be solved using a non-linear parameter optimization problem that minimizes the state error at the terminal
condition. Overall, the method provides an accurate and efficient trajectory planning to guide the aircraft
from entry to autorotation to a safe landing condition near a desired landing site.

Retreating Blade Stall

Following the general definition given by McCroskey et al. [84], a dynamic stall will occur on any airfoil
or other lifting surface when it is subjected to time dependent pitching, plunging or vertical translation, or
other type of non-steady motion, that takes the effective AoA above its normal static stall angle. When
dynamic flow separation occurs, it is found to be characterized by the shedding of a concentrated vortical
disturbance from the leading edge region of the airfoil. As long as this vortex disturbance stays over the
upper airfoil surface, it acts to enhance the lift being produced. Yet, the vortex flow pattern is not stable,
and the vortex is quickly swept over the chord of the blade by the oncoming flow. This produces a rapid
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aft movement of the center of pressure, which results in large nose-down pitching moments on the blade
section and an increase in torsional loads on the blades. This is the main adverse characteristic of dynamic
stall that concerns the rotor analyst, for which the effects have proved difficult to predict. The
phenomenon of dynamic stall is not fully understood and is still the subject of much research on both
experimental and numerical fronts [85]. The very large number of publications on the phenomenon
illustrates the importance of dynamic stall in the more complete aerodynamic and aeroelastic analysis of
the helicopter rotor and the difficulties in both measuring and predicting the phenomenon. The
complicated nonlinear physics of dynamic stall means that the behavior can only be completely modeled
by means of numerical solutions to the Navier-Stokes equations (using computational fluid dynamics or
CFD). This, like other CFD problems that involve unsteady, compressible, separated flows, the solution
to dynamic stall problems is a formidable task that is not yet practical.

The effects of unsteady motion on unsteady airfoil behavior and dynamic flow separation have been
recognized for many years, mainly through studies of oscillating airfoils in wind-tunnel experiments. The
various stages of the dynamic stall process are summarized schematically by means of Figure 26. Stage 1
represents the delay in the onset of flow separation in response to a reduction in adverse pressure
gradients produced by the kinematics of pitch rate (induced camber), the influence of the shed wake, and
the unsteady boundary layer response. Stage 2 of the dynamic stall process involves flow separation and
the formation of a vortex disturbance that is cast off from the leading edge region of the airfoil. This
vortex disturbance provides additional lift on the airfoil so long as it stays over the upper surface. In some
cases, primarily at low Mach numbers, the additional "lift overshoots" produced by this process may be
between 50 and 100% higher than the static value of maximum lift. The effective lift-curve slope may
also increase during this process. These, often surprisingly large increments in lift, are also accompanied
by significant increases in nose-down pitching moment, which results from an aft moving center of
pressure as the vortex disturbance is swept downstream across the chord. The speed at which the vortex
convects downstream has been documented to be between one-third and one-half of the free-stream
velocity [86, 87]. It will also be seen from Figure 26, that the sudden "break" in the lift coefficient at the
start of Stage 3 occurs at a higher AoA than that for the divergence in the pitching moment; that is, the
pitching moment break (moment stall) occurs at the onset of vortex shedding (start of Stage 2), whereas
the lift break (lift stall) occurs when the vortex passes into the wake (end of Stage 2 and start of Stage 3).
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Figure 26: Schematic showing the essential flow morphology and the unsteady airloads during
the dynamic stall process on an oscillating 2-D airfoil [47]

When dynamic stall occurs on the rotor, it has a more 3-D character than previously described and may
simultaneously occur over several radial and azimuthal parts of the rotor disk. Using the unsteady
chordwise pressures as an indicator, Bousman [88] has identified three locations on the rotor disk for this
flight condition that show the lift overshoots and large nose-down pitching moments that are
characteristic features of dynamic stall. This results in a loss of overall lifting and propulsive capability
from the rotor and sets an intrinsic constraint to further increase forward flight speed.

Mathematical models that attempt to predict the effects of dynamic stall currently range from relatively
parsimonious empirical or semi-empirical models to sophisticated computational fluid dynamics (CFD)
methods. Because dynamic stall is characterized by large recirculating, turbulent separated flow regimes,
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a proper CFD simulation can only be achieved by numerically solving the full Navier-Stokes equations
with a suitable turbulence model. Other so-called semi-empirical models of dynamic stall contain
simplified representations of the essential physics using sets of linear and nonlinear equations for the lift,
drag, and pitching moment. The nonlinear equations may have many empirical coefficients, which must
be deduced (extracted) from unsteady airfoil measurements by parameter identification methods. Johnson
[89] has developed a relatively parsimonious representation for incorporating dynamic stall effects on the
sectional airloads. The experimental data of Ham & Garelick [90] were used to develop the model in a
form that could be used to correct the static stall lift and pitching moments as functions of pitch rate. Stall
onset was represented by defining vortex shedding to occur just above the static stall AoA. It was
assumed that vortex shedding produced increments in lift and nose-down moment that increased linearly
to a peak value over a finite time, followed by a decay back to the static loads. Reasonable predictions of
the unsteady lift seem possible with this method, although the pitching moment predictions appear less
pleasing. ONERA Method: This model describes the unsteady airfoil behavior in both attached flow and
during dynamic stall using a set of nonlinear differential equations. The model was first described by Tran
et al. [91, 92]. Aversion of the ONERA model has been evaluated by Reddy & Kaza [93]. The
coefficients in the equations of this model are determined by parameter identification from experimental
measurements on oscillating airfoils. Like several other models, including the Leishman-Beddoes model,
the airloads are expressed as a sum of two components: a component associated with the linear (attached
flow) behavior and an increment that represents a deviation from the linear value resulting from stall. The
model requires 22 empirical coefficients for each Mach number. The later ONERA BH model, as
documented by Truong [94], requires 18 coefficients and also adapts the Kirchhoff-Helmholtz trailing
edge flow separation scheme from the Leishman-Beddoes model. Generally, reasonable predictions of the
unsteady airloads are obtained with the ONERA model [95]. However, like many of the models, the
predictions are deficient for flow reattachment after dynamic stall. Based on the experimental studies of
Green & Galbraith [96], the modeling of dynamic flow reattachment requires as much care as for
modeling dynamic flow separation, especially if accurate predictions of aerodynamic torsional damping
are an objective. An apparent advantage of the ONERA method is that because all of the equations for the
lift, drag, and pitching moment are written as differential equations, they are in a form that can be
immediately useful for various types of acroelastic analysis. Recursive neural network (RNN) models are
a class of nonlinear mathematical methods that have been used to model the effects of dynamic stall [97].
These models are developed in state-space form, where the state-matrix is developed recursively by
"training" neural estimators. Like all semi-empirical models, the method first requires access to a data set
of measurements that can be used to train the model. In this postdiction (or calibration) phase, the
simulation error is progressively reduced to reproduce accurately the known input data.

Dynamic Rollover

Dynamic rollover is another hazard of interest, where the helicopter rolls over while on the ground due to
the combined action of the main and tail rotors with a pivot point established by the landing gear. While
dynamic rollover is a well-known hazard, its name hides the fact that there are several possible ways to
encounter a rollover, both dynamic and static [99]. In dynamic, the vehicle is translating or lifting off,
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while the landing gear provides a pivot point when it is prevented from moving. A static rollover is
primarily experienced on helicopters with a high-mounted tail rotor, where the increased moment about
the ground contact point can cause a tipover. During normal or slope takeoffs and landings with same
degree of bank angle or side drift with tie skid/wheel on the ground, the bank angle or side drift can place
the helicopter in a situation where it is pivoting (rolling) about a skid/wheel which is still in contact with
the ground. When this happens, lateral cyclic control response becomes more sluggish and less effective
than for a free-hovering helicopter. Consequently, if a roll rate is permitted to develop, a critical bank
angle (the angle between the helicopter and the horizon) may be reached where the roll cannot be
corrected, even with full lateral cyclic, and the helicopter will roll over onto its side. As the roll rate
increases, the angle at which recovery is still possible is significantly reduced. The critical rollover angle
is also reduced. The critical rollover angle is further reduced under the following conditions:

a. Right side skid down condition

b. Crosswinds

c. Lateral center of gravity offset

d. Main rotor thrust almost equal to helicopter weight

e. Left yaw inputs

When certain elements of helicopter operations are at or near their most critical condition, such as high
gross weight, right lateral center of gravity, crosswind from the left, hovering with only the right
skid/wheel in contact with the surface and with thrust (lift) approximately equal to the weight, very little
right roll rate is correctable for any given bank angle. The recovery requires pilot inputs that may be
counter-intuitive, as cyclic control alone is usually not sufficient to prevent a rollover. During normal
flight, an increase in collective input also increases the control moments possible through cyclic input.
While in contact with the ground, the increase in the moment about the pivot point far outweighs any
gains in control forces and moments at the rotor, so this typical pilot response can be counterproductive in
rollover prevention. During normal takeoffs to a hover and landings from a hover, cross slope takeoffs
and landings, and takeoffs from the ground with bank angle or side drift, a situation can exist where the
helicopter will pivot about the skid/wheel, which remains on the ground and enter a rolling motion that
cannot be corrected with full lateral cyclic input. An illustration of the forces acting on the aircraft is
given in Figure 27.
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Figure 27: Forces acting in a helicopter with right skid on the ground [98]

As shown in Figure 28, during slope operations, excessive application of cyclic control into the slope,
together with excessive collective pitch control, can result in the downslope skid or landing wheel rising
sufficiently to exceed lateral cyclic control limits, and an upslope rolling motion can occur.
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Figure 28: Upslope rolling motion [98]

A dynamic rollover test system (DRoTS) capable of simulating rollover crashes in a laboratory was
designed for research use at the University of Virginia [100]. The test apparatus was designed to permit
simulation of a single roof-to-ground interaction of a rollover crash with the potential to be modified for
evaluation of pre-roof contact occupant motion. Special considerations were made to permit testing of
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both dummies and post-mortem human surrogates in both production vehicles and a parametric test buck.
A DROTS permits vertical translation, pitch, and roll of the test vehicle while constraining longitudinal
and lateral translations and yaw. The study details the ranges of test parameters capable with the DRoTS
and evaluates the limitations of the system relative to rollover crash conditions. Considerations on the use
of the test system and the constraints applied to the vehicle are evaluated through analytical analysis and
computational modeling. The results of the analyses suggest that the DRoTS design is capable of testing
vehicles in a wide variety of conditions while maintaining reasonable fidelity to rollover crashes during
the duration of a single vehicle roof-to-ground interaction.

Dang-Vu [101] developed a simulation tool capable of modeling the complex interactions in the dynamic
interface between ship and helicopter, specifically during helicopter landings and deck handling
operations. Those operations are often affected by a loss of control phenomena, in particular dynamic
rollover. Hence, simulation results, as well as sensitivity analysis with respect to uncertainties, were
investigated together with a method to determine shipboard landing periods based on dynamic rollover
risk prediction.

February 16, 2023 H-SE 81 Page 51 of 77



Improve Simulator Modeling for Outside-the-Envelope Flight Conditions

" Helicopter Safety Team

Fatal Accident Statistics

The following statistical analysis involved 127 fatal civil accidents investigated by the National
Transportation Safety Board between 1983 and 2021. The study is divided into the analysis of the
frequency of the flight conditions of interest, Figure 29, and the number of fatalities caused by each flight

condition, Figure 30.
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Summary and Recommendations

The rotorcraft industry identified the need to enhance the overall fidelity of rotorcraft flight simulators,
i.e., Aviation Training Devices, Flight Training Devices, and Full Flight Simulators, to support the
training of pilots within all segments of the helicopter community. A review of the loss of control (LOC)
accident dataset indicated that the majority of accidents that occurred were due to the pilot’s loss of
situational awareness as well as their ability to effectively control the helicopter during basic maneuvers
and recover from potentially unsafe conditions (i.e., Loss of Tail Rotor Effectiveness, Vortex Ring State,
etc.). In addition, a further review of the LOC dataset showed that several fatal accidents of this type
occurred due to handling quality issues with pilots that had several hundred hours of experience and had
attended simulation or flight training.

The objective of this research is not only to enhance the understanding of ambiguous helicopter flight
conditions, but also to provide more accurate flight dynamics in simulators to enhance pilot training,
improve their awareness during flights, and mitigate the number of helicopter accidents. Specifically, this
effort focused on reviewing existing and emerging helicopter flight simulation platforms (i.e., full flight
simulators, advanced aviation training devices, etc.) for underlying model fidelity/gaps and candidate
flight conditions/maneuvers that would benefit from model improvement. A literature review was
performed comprising a list of current helicopter simulator/flight training device models' fidelity, any
known or discovered simulator performance gaps, and candidate flight conditions/maneuvers that would
benefit from increased model fidelity. For the development of improved modeling and simulation of the
dangerous flight conditions investigated, the following recommendations are given:

e Vortex Ring State (VRS): To obtain a real-time simulation of this flight condition, an empirical
inflow model that includes the negative slope of the total inflow curve as a function of the descent
velocity shall be used. This is recognized as the direct cause of the instability during a VRS event
and allows for the simulation of the negative damping of the aircraft seen in real flight tests.

e Mast Bumping: To accurately simulate this phenomenon, the model shall capture the sensitivity
of flapping to variations in airspeed, thrust, CG location, and control inputs across a variety of
maneuvers and for multiple rotor architectures, including teetering, articulated, and hingeless
designs.

e Loss of Tail Rotor Effectiveness (LTE): The simulator shall include three different aspects that
can lead to LTE behavior, i.e., loss of weathercock stability, running out of pedal (tail rotor
collective) for trim, and tail rotor vortex ring state. It is observed that the accuracy of the
simulations significantly improves when the inflow gradient along the tail rotor radius is
augmented with the aerodynamic interference from the main rotor wake. Further, an inflow
model able to correctly capture the variation of the total inflow curve at the tail rotor as a function
of the relative descent velocity is needed.

e Unintended Flight into Instrument Meteorological Conditions (UIMC): This phenomenon is best
simulated by including accurate environmental conditions models. An accurate parameterization
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scheme for visibility and ceiling is needed to ensure the accuracy of the flight scenarios and
support realistic flight training.

e Autorotation: This flight condition includes several distinct phases: the entry, the steady state
descent, and the deceleration and touchdown. The simulation accuracy of this flight condition is
enhanced when the model effectively captures the sensitivity of the rate of RPM decay with the
helicopter collective pitch settings. A good representation of cyclic flare is also needed, a
technique that is characteristic of the helicopter model considered,

e Retreating blade stall: This phenomenon is effectively simulated using semi-empirical models
that are able to capture the effects of unsteady motion on unsteady airfoil behavior and dynamic
flow separation using empirical coefficients, which must be deduced (extracted) from unsteady
airfoil measurements by parameter identification methods.

e Dynamic rollover: This phenomenon is well simulated if the model captures the complex
interactions in the dynamic interface between the helicopter and the ground, specifically during
helicopter landings and deck handling operations. Further, the model shall include the loss of
effectiveness of the lateral cyclic control response during normal or slope takeoffs and landings
with the same degree of bank angle.
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Call-To-Action/H-SE Overall Recommendations

In closing, the H-SE 81 Team would propose the following recommendations to be championed by the
USHST, VAST, and other interested parties to advance the state of the art of helicopter flight simulation:

1. Continue the development, testing, and refinement of the models of flight conditions listed in this
document and identified by the H-SE Team in order to increase the fidelity of all levels of flight
simulators and enhance the safety of the rotorcraft community during initial and recurrent training
at all pilot certification/experience levels for all categories of rotorcraft.

2. Develop changes to FAA advisory circulars, policy/guidance material, and regulations governing
fidelity of simulators/flight training devices (i.e., AC-120-45A and AC-61-136A {or helicopter-
specific variants of these documents}).

3. Communicate with simulator and flight training device manufacturers, operators, OEMs, and
other community stakeholders regarding the need for and the recommended criteria governing
higher-fidelity simulator models to encourage the adoption of these models into the helicopter
training fleet.

The H-SE 81 Team believes that by adopting these recommendations, the USHST will have a positive
impact on safety for the vertical flight community by advancing the state of the art in higher-fidelity
device modeling efforts for flight simulation.
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Appendix A: Helicopter Flight Simulation Training Devices
(FSTDs)

This section lists the helicopter flight simulation training devices approved by the Federal Aviation
Administration and the European Union Aviation Safety Agency.

Company Name Make, Model, Series FSTD Level City FAA ID
A.T.S. Inc. ECD-EC135-T2+ 5 LAKEWOOD 1658
Air Evac EMS Inc BHT-206-L4 7 O FALLON 1474
Airbus Helicopters Inc. ECD-EC135-P2+ 6 GRAND PRAIRIE 1094
Airbus Helicopters Inc. MBB-BK117-C2 4 GRAND PRAIRIE 1166
Airbus Helicopters Inc. AS-350B3-350B3 B GRAND PRAIRIE 1196
Airbus Helicopters Inc. AS-350B2-350B2 B GRAND PRAIRIE 1201
Airbus Helicopters Inc. EC-155-B D MARIGNANE CEDEX 1237
Airbus Helicopters Inc. EC-225-LP D MARIGNANE CEDEX 1276
Airbus Helicopters Inc. AS-332-1L1 D MARIGNANE CEDEX 1284
Airbus Helicopters Inc. AS-332-1L1 6 MARIGNANE CEDEX 1285
Bell Textron Inc. BHT-429-429 6 HURST 1215
Bell Textron Inc. BHT-407-407 B HURST 1428
Bell Textron Inc. BHT-429-429 6 HURST 1500
Bell Textron Inc. BHT-505-505 7 HURST 1544
Bell Textron Inc. BHT-412-412 7 HURST 1559
Bell Textron Inc. BHT-429-429 D VALENCIA 1622
CAE SK-76-C D WHIPPANY 848
CAE BHT-412-412 D DUBAI 935
CAE SK-76-B D WHIPPANY 1000
CAE BHT-412-412 D TOLUCA 1283
CAE EC-225-LP D BURLESON 1695
CopterSafety Oy MBB-BK117-D2 D VANTAA 1690
CopterSafety Oy AGUSTA-AW139-AW139 D VANTAA 1691
CopterSafety Oy AGUSTA-AW139-AW139 D VANTAA 1692
ERA Helicopters ECD-EC135-P2+ 6 LAKE CHARLES 1050
ERA Helicopters AS-350B2-350B2 6 LAKE CHARLES 1075
ERA Helicopters AGUSTA-AW139-AW139 6 LAKE CHARLES 1224
FlightSafety International SK-76-B C LAFAYETTE 262
FlightSafety International BHT-212-212 C DALLAS 443
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Appendix A: Helicopter Flight Simulation Training Devices (FSTDs) (continued)

I Helicopter Safety Team

Company Name Make, Model, Series FSTD Level City FAAID
FlightSafety International BHT-412-412 D FORT WORTH 610
FlightSafety International BHT-430-430 C DALLAS 611
FlightSafety International BHT-412-412 C DALLAS 856
FlightSafety International SK-70-A D WEST PALM BEACH 881
FlightSafety International SK-92-A D WEST PALM BEACH 901
FlightSafety International SK-76-C D WEST PALM BEACH 1027
FlightSafety International SK-76-C D LAFAYETTE 1042
FlightSafety International BHT-206-B 7 LAFAYETTE 1158
FlightSafety International BHT-206-L3 7 LAFAYETTE 1173
FlightSafety International BHT-407-407 7 LAFAYETTE 1202
FlightSafety International AGUSTA-AW139-AW139 D LAFAYETTE 1314
FlightSafety International SK-76-D D WEST PALM BEACH 1328
FlightSafety International SK-92-A D LAFAYETTE 1334
FlightSafety International ECD-EC135-P2+ D DENVER 1338
FlightSafety International ECD-EC135-P2+ D FORT WORTH 1353
FlightSafety International BHT-212-212 D FORT WORTH 1455
FlightSafety International BHT-412-412 D FORT WORTH 1457
FlightSafety International BHT-407-407 D DENVER 1548
FlightSafety International EC-130T2-130T2 D DENVER 1569
FlightSafety International MBB-BK117-C2 D DENVER 1696

L3Harris Commercial Training Solutions SK-70-S70 D ARLINGTON 1716
Leonardo S.p.a Helicopters AGUSTA-A109-E D SESTO CALENDE 974
Leonardo S.p.a Helicopters AGUSTA-AW139-AW139 D SESTO CALENDE 975
Leonardo S.p.a Helicopters AGUSTA-AW139-AW139 D WHIPPANY 1071
Leonardo S.p.a Helicopters AGUSTA-AW139-AW139 D SESTO CALENDE 1281
Leonardo S.p.a Helicopters AGUSTA-AW189-AW189 D SESTO CALENDE 1384
Leonardo S.p.a Helicopters LEONARDO-AW169-169 D SESTO CALENDE 1504

Maryland State Police Aviation Command AGUSTA-AW139-AW139 6 MIDDLE RIVER 1581
Metro Aviation AS-350B2-350B2 7 SHREVEPORT 1130
Metro Aviation ECD-EC135-P2+ D SHREVEPORT 1238
Metro Aviation BHT-407-407 7 SHREVEPORT 1462
Metro Aviation MBB-BK117-C2 D SHREVEPORT 1496
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Appendix A: Helicopter Flight Simulation Training Devices (FSTDs) (continued)

I Helicopter Safety Team

Company Name Manufacturer Type FSTD Level Country City EASA ID
Helicorp Pty Ltd Leonardo Helicopters AW-139 FFS Level D Australia Bankstown EU-A0134
Thales Australia Leonardo Helicopters AW-139 FFS Level D Australia Brisbane EU-A0133
Bell Textron Inc. Bell Bell 429 FFS Level D Spain Valencia EU-A0126
Bell Textron Inc. Bell Bell 505 FTD Level 2 USA Fort Worth EU-B0041
FlightSafety International, Inc. Sikorsky S92 FFS Level D UK Farnborough EU-UKFS433
FlightSafety International, Inc. Sikorsky S92A FFS Level D Norway Sola EU-A0035
FlightSafety International, Inc. Sikorsky S76D FFS Level D USA West Palm Beach EU-A0032
FlightSafety International, Inc. Sikorsky S76C++ FFS Level D USA West Palm Beach EU-UKFS528
CAE STS Ltd. Sikorsky S76C+ FFS Level D USA Whippany EU-UKCA521A/CU
Rotorsim S.r.L Leonardo Helicopters AW-189 FFS Level D UK Aberdeen EU-ITO78
Babcock Mission Critical Generic Aircraft Multi-Engine Turbine | FNPT Level Il UK Cheltenham EU-UKBND87
Services Onshore Ltd (MET) Helicopter and MCC
Babcock Mission Critical Airbus Helicopters EC135T2 FTD Level 3 UK Cheltenham EU-UKBS905
Services Onshore Ltd
CAE STS Ltd. Airbus Helicopters AS 33212 FFS Level B UK Burgess Hill EU-UKCA660
PWN Excellence Sdn Bhd Leonardo Helicopters AW-139 FFS Level D Malaysia Shah Alam EU-A0026
(1002207-D)
CAE STS Ltd. Bell Bell 412 EP FFS Level D UAE Dubai EU-UKEC382
CAE STS Ltd. Leonardo Helicopters AW-139 FFS Level D UAE Abu Dhabi EU-A0054
CAE Brunei Multi-Purpose Sikorsky S92A FFS Level D Brunei Gadong EU-A0049
Training Centre Sdn Bhd Darussalam
Bell Textron Inc. Bell Bell 407 GX FFS Level B USA Fort Worth EU-A0094
Bell Textron Inc. Bell Bell 407 GX FTD Level 3 USA Fort Worth EU-B0027
Bristow Helicopters Ltd Sikorsky S76C++ FFS Level B UK Aberdeen EU-UKUH584
Bristow Helicopters Ltd Sikorsky S76C++ FTD Level 3 UK Aberdeen EU-UKUH945
Bell Textron Inc. Bell Bell 429 FTD Level 2 USA Fort Worth EU-B0035
CAE STS Ltd. Bell Bell 412 EP FFS Level D UAE Abu Dhabi EU-A0122
Bell Textron Inc. Bell Bell 429 FTD Level 2 USA Fort Worth EU-B0001
FlightSafety International, Inc. Bell Bell 412 EP FFS Level D USA Fort Worth EU-DK118/CU
Airbus Helicopters Simulation | Airbus Helicopters AS365-N3 FFS Level B Malaysia Subang EU-FR117
Center Sdn Bhd
Airbus Helicopters Simulation | Airbus Helicopters AS365-N3+ FFS Level B Malaysia Subang EU-FR124
Center Sdn Bhd
Airbus Helicopters Simulation | Airbus Helicopters AS365-N3 FTD Level 3 Malaysia Subang EU-FR217
Center Sdn Bhd
Airbus Helicopters Simulation | Airbus Helicopters AS365-N3+ FTD Level 3 Malaysia Subang EU-FR224
Center Sdn Bhd
Bristow Helicopters Ltd Sikorsky S92A FFS Level B UK Aberdeen EU-UKUH473
Bristow Helicopters Ltd Sikorsky S92A FTD Level 3 UK Aberdeen EU-UKUH924
Airbus Helicopters Simulation | Airbus Helicopters EC225 LP FFS Level B Malaysia Subang EU-A0023
Center Sdn Bhd
Airbus Helicopters Simulation | Airbus Helicopters EC225 LP FTD Level 3 Malaysia Subang EU-B0005
Center Sdn Bhd
Rotorsim S.r.L Leonardo Helicopters AW-139 FFS Level D USA Whippany EU-IT047
Gulf Helicopters Company | Leonardo Helicopters AW-189 FFS Level C Qatar Doha EU-A0129
Gulf Helicopters Company | Leonardo Helicopters AW-139 FFS Level B Qatar Doha EU-UKGH546
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I Helicopter Safety Team

Appendix B: Loss of Tail Rotor Effectiveness Accidents

FLIGHT
NTSB ACCIDENT# LOCATION DATE

CONDITION

LTE CEN18FA001 Midland, MI Oct-17

LTE CEN15FA003 Wichita Falls, TX Oct-14
Thomson Falls,

LTE WPR13FA343 Jul-13
MT
" ,

LTE WPR12GA106 oran Junction, .\ 1,
Wy

LTE ERA12MA005 New York, NY  Oct-11
Sunrise Beach,

LTE DENOSFA092 unrise Seach, v ray-08
MO

LTE NYCO8FA071 Cherokee, AL Dec-07

LTE DFWOSFA073 Gentry, AR Feb-05

LTE LAX03GA244 Whiteriver, AZ  Jul-03

LTE CH102FA174 Norfolk, NE Jun-02

LTE IADO1FA089 Baltimore, MD  Aug-01

LTE CH100GA160 Topeka, KS Jun-00
Pacifi

LTE LAX98LA079 ch' icOcean, | 98

LTE NYC98LA043 Belle Vernon, PA Dec-97

LTE IAD9EFA107 salem, OH Jul-96

LTE LAX90FA060 Santa Rosa, CA  Dec-89

February 16, 2023

AICRAFT

Brantly B 2B

Bell 206L-1

Robinson R44 11

Bell 407

Bell 206B

McDonnell Douglas 1

500E

Bell 206L-3

Bell 206L-1

Bell 206L-3

Eurocopter AS 350
B2

Bell 2068

Schweizer 269C

Hughes 369D

Robinson R22 Beta

Bell 206B

McDonnell Douglas 1

369E

H-SE 81

FATALITIES PROBABLE CAUSE

LTE with factors:

Low IAS, failure to promptly initiate the
proper recovery technique

LTE with factors:

high power maneuver at low IAS, night
visibility conditions

LTE with factors:

helicopter close to MTOW, tailwinds, low
IAS, low rotor RPM, warning horn

LTE with factors:

hovering at high density altitude

LTE with factors:

exceeded MTOW, low IAS, downwind
turn, inadequate preflight planning
(performance & weight-and-balance), no
safety breafing, high power maneuver

LTE with factors:

gusty winds, no safety briefing

LTE with factors:

low IAS, maneuver inside h-v curve

LTE with factors:

low IAS, crosswinds, close to max torque
LTE with factors:

failure to maintain minimum ETL, high
density altitude, close to max torque, low
IAS, inadequate preflight planning

LTE with factors:

Gusty winds, pilot's lack of experience in
the helicopter model

LTE with factors:

low IAS, tailwinds, inadequate preflight
planning, rapid pedal turn

LTE with factors:

Low IAS, failure to promptly initiate the
proper recovery technique

LTE with factors:

downwind turn, failure to maintain a
proper rate of descent

LTE with factors:

low IAS with tailwinds, high power
maneuver

LTE with factors:

pilot's impairment of judgment and
performance due to alcohool, pilot's
disregard for aircraft weight and balance
while hovering OGE

LTE with factors:

pilot's improper preflight planning,
MTOW exceeded, downwind turn
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Appendix C: Vortex Ring State Accidents

FLIGHT CONDITION NTSB ACCIDENT # LOCATION

VRS

VRS

VRS

VRS

VRS

VRS

VRS

VRS

ERA17FA274

CEN15FA164

CEN12FA139

DFW07GA119

CHIO7FA114

CHIO3FA056

DEN02GA085

CHI99FA285

February 16, 2023

Charottesville,
VA

St Louis, MO

Centerville, LA

San Elizario, TX

Bass Lake, IN

B.S.53, LA

Estes Park, CO

Custer, SD

DATE

Aug-17

Mar-15

Jan-12

May-07

Apr-07

Jan-03

Jul-02

Aug-99

AICRAFT

Bell 407

Airbus
Helicopters EC-
130-B4

Robinson R44 11

1

Eurocopter AS 350 1

B3

Robinson R44 11

Bell 206L-1

Aerospatiale SA
3158

Bell 2068

H-SE 81

I Helicopter Safety Team

FATALITIES PROBABLE CAUSE

VRS with factors:

pilot's lack of recent and recurrent training in vortex
ring state recognition and recovery

VRS with factors:

unfavorable wind conditions, lack of an adequate
approach path due to numerous obstructions and the
lack of available guidance regarding the helicopter's
performance capabilities in the right quartering
tailwind condition

VRS with factors:
low altitude maneuvering

VRS with factors:
low airspeed maneuvering

VRS with factors:
failure to maintain a proper approach glidepath, night
condition

VRS with factors:

improper landing and improper recovery
VRS with factors:

pilot's abrupt collective input, low altitude

VRS with factors:
low altitude maneuvering, low rotor rpm
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Appendix D: Mast Bumping Accidents

FLIGHT CONDITION NTSB ACCIDENT# LOCATION DATE
MAST BUMPING CEN17FA012 Lino Lakes, MN Oct-16
MAST BUMPING WPR16FA130 Wikieup, AZ Jun-16
MAST BUMPING WPR13FA417 Cordes Lakes, AZ Sep-13
MAST BUMPING ERA13FA070 Apollo Beach, FL  Nov-12
MAST BUMPING CEN12FA001 Philip, SD Oct-11
MAST BUMPING CEN11FA422 Del Valle, TX Jun-11
MAST BUMPING CEN11GA020 Clarkson Valley, M Oct-10
MAST BUMPING CEN10FA509 Walnut Grove, AR Aug-10
MAST BUMPING DFWO07FA198 Hosston, LA Sep-07
MAST BUMPING NYCO04FA197 Northport, NY Aug-04
MAST BUMPING LAX04LA274 Cameron Park, CA Jul-04
MAST BUMPING LAXOOFA306 Watsonville, CA  Aug-00
MAST BUMPING LAXO0FA130 Snelling, CA Mar-00
MAST BUMPING LAX99LA004 Moorpark, CA Oct-98
MAST BUMPING |IAD98FA049 Stevensville, MD Apr-98
MAST BUMPING LAX97LA014 Mather, CA Oct-96
MAST BUMPING ATL94FA179 Knughtdale, NC  Sep-94
MAST BUMPING LAX92FA267 Richmond, CA Jun-92
MAST BUMPING LAX92FA137 Maricopa, AZ Mar-92
MAST BUMPING FTW92FA077 Morgan City, LA Feb-92
MAST BUMPING MIA92FA072 Malabar, FL Jan-92
MAST BUMPING FTW91FA070 So. Marsh 275, GM Apr-91
MAST BUMPING ATL89DKGO06 Plains, GA Sep-89
MAST BUMPING SEA87FA106 Shelton, WA May-87
MAST BUMPING LAX83FA362 Porterville, CA Jul-83

February 16, 2023

AICRAFT

FAIRCHILD
HILLER FH 1100

ROBINSON
HELICOPTER CO R66

BELL UH-1V

ROBINSON
HELICOPTER R22
BETAIl

ROBINSON
HELICOPTER CO R66

ROBINSON R22
BETA

BELL 206B

BELL HELICOPTER
TEXTRON 206L-1
Fairchild Hiller FH-
1100

Robinson R-22

Finke Rotorway
Exec 162F

Robinson R22 BETA
Bell 212

Burson REVOLUTIO
N MINI 500

Fairchild Hiller FH-
1100

Cunningham ROTO
RWAY EXEC

ROBINSON R-22B
ROBINSON R-22
ROBINSON R-22
BELL 212
ROBINSON R-22
BETA

BELL 206B

BELL UH-1B

HILLER UH-12E

FAIRCHILD
HILLER FH-1100

H-SE 81

I Helicopter Safety Team

FATALITIES PROBABLE CAUSE

Mast bumping with factors:

pilot's incorrect action performed, pilot's recent
experience with equipment

Mast bumping with factors:

Convective turbulence, terrain induced
turbolance, loss of aicraft control

Mast bumping with factors:

pilot's improper maintenance on the
helicopter’s main rotor blade pitch control
system, in-flight loss of main rotor blade pitch

Mast bumping with undetermined factors

Mast bumping with undetermined factors

Mast bumping with undetermined factors

Mast bumping with factors:

total loss of engine power due to fuel
exhaustion, pilot's inadequate preflight
planning and decision-making, pilot's improper
Mast bumping with factors:

spatial disorientation, loss of aircraft control,

Mast bumping with undetermined factors

Mast bumping with factors:

improper maneuver by the flightcrew while
attempting to avoid a kite

Mast bumping with factors:

improper main rotor blade
maintenance/installation by under torquing the
Mast bumping with undetermined factors
Mast bumping with undetermined factors
Mast bumping with factors:

improper use of the cyclic flight control by the
pilot, low g flight load condition

Mast bumping with factors:

pilot's abrupt, low-g maneuver, aicraft and
equipment inadequate compliance

Mast bumping with factors:

pilot's excessive maneuvering, low altitude
flight, rotor system/main rotor baldes made
Mast bumping with undetermined factors
Mast bumping with undetermined factors
Mast bumping with undetermined factors
Mast bumping with undetermined factors

Mast bumping with undetermined factors

Mast bumping with factors:

failure of the vertical stabilizer attachment,
inadequate corrosion control efforts by the
Mast bumping with factors:

improper modification of the helicopter by the
company/operator, improper aerial application
Mast bumping with factors:

abrupt and excessive maneuvering, weather
condition, pilot's lack of total experience in
Mast bumping with factors:

pushover maneuver, pilot's improper use of
cyclic, pilot's lack of total experience in type of
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Appendix E: Unintended Flight into Instrument Meteorological
Conditions Accidents

FLIGHT CONDITION NTSB ACCIDENT; LOCATION DATE AICRAFT FATALITIES PROBABLE CAUSE
UIMC CEN17FA103 Shreveport. LA | Feb-17 BELL HELICOPTER UIMC with factors:
port, TEXTRON CANADA 429 dark/night condition, pilot's decision making/judgment

UIMC with factors:
uimMc ANC16FA023 Skagway, AK May-16 AIRBUS AS350 1 pilot's decision making/judgment, pilot's self induced pressure to complete the
flight and the operator's failure to maintain operational control over the flight

UIMC with factors:
uiMc ERA16FA143 Canadensis, PA Mar-16 ROBINSON R44 1 marginal weather, climbing maneuver to clear rising terrain and inadvertently
entering clouds

UIMC with factors:
uimMc ERA16FA140 Enterprise, AL Mar-16 EUROCOPTER AS350B2 4 pilot's decision making/judgment, pilot's self induced pressure to complete the
flight and the operator's failure to maintain operational control over the flight

UIMC with factors:

uiMc WPR16FA037 McFarland, CA  Dec-15 BELL 407 4 . . . . . . .
pilot's lack of recent experience with night time operations and equipment
. UIMC with factors:
uiMmc WPR15LA193 Salinas, CA Jun-15 BELL47G 5 1 o L L L . . -
pilot's decision making/judgment, pilot's impairment by high-dose opioid use
uiMc CENISFA171  Eufaula,OK  Mar-15 EUROCOPTERAS 35082 1 UIMC with factors: _ _ _
dark/night condition, mountainous/hilly terrain
uIMc CEN14FA369  Newkirk, NM  Jul-14 AGUSTASPAAIOSE 3 UIMC with factors:
dark/night condition
UIMC with factors:
uiMmc ERA13FA336 Noxen, PA Jul-13 ROBINSON R66 5 . I . .
inadequate pilot's decision making
uiMc ERA13FA273 Manchester, KY Jun-13 BELL HELICOPTER UIMC with factors:
’ TEXTRON 206L-1 dark/night condition, approach maneuver
UIMC with factors:
inadequate pilot's decision making, Alaska Department of Public Safety's
iti It dinad t fet t, which ted th
uImMc ANCI3GA036  Talkeetna, AK  Mar-13 EUROCOPTERAS3S0 3 punitive cutture and nacequate satety management, which prevented the
organization from identifying and correcting latent deficiencies in risk
management and pilot training
UIMC with factors:
uiMmc CEN13FA096 Compton, IL Dec-12 MBB BK 117 A-3 3 . .
dark/night condition
. UIMC with factors:
uimc ERA13FA026 Erwinna, PA Oct-12 AEROSPATIALEAS 355 1 . o . .
inadequate pilot's decision making
UIMC CEN11FA468 Rising sun, IN_ Jul-11 ROBINSON HELICOPTER FJIMCWlth fac.tor?: - ) ) o )
COMPANY R44 11 inadequate pilot's decision making, failure to maintain clearance from terrain
BELL HELICOPTER UIMC with undetermined factors
uimMc CEN10FA509 Walnut Grove, A Aug-10

TEXTRON 206L-1
UIMC with factors:
uimMc ERAO9FA537 Georgetown, SC Sep-09 EUROCOPTER AS-350 3 inadequate pilot's decision making, inadequate oversight of the flight by
Omniflight’s Operational Control Center
UIMC with factors:

uimc LAX07FA056 Hesperia, CA Dec-06 Bell 412SP 3 . . . .
dark night conditions, fog, and mountainous terrain
uImc NYCO7FA048  Dagsboro, DE  Dec-06 Bell 407 2 UIMCwith factors: ) " .
inadequate pilot's decision making, dark conditions, low visibility
Eurocopter UIMC with factors:
uimc MIAO5FA008 Santa Rosa Bch, F Oct-04 Deutschland BO-105 3 dark condition, inadequate pilot's preflight planning, inadequate pilot's
CBS5 decision making
UIMC with factors:
inadequate pilot's decision making, pilot's lack of experience, inadequate
UIMC LAXO4FA329 Kalaheo, HI Sep-04 Bell 2068 5 Federal Aviation Administration surveillance of Special Federal Aviation

Regulation 71 operating restrictions, and the operator's pilot-scheduling
practices that likely had an adverse impact on pilot decision-making and
performance.
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Appendix E: Unintended Flight into Instrument Meteorological Conditions Accidents (continued)

UIMC with factors:
inadequate pilot's decision making
UIMC with factors:
uimc ATLO4FA049 Deadhorse, AK  Apr-04 Bell 206L-3 1 inadequate pilot's decision making, flat light and whiteout conditions, snow-
covered terrain
UIMC with factors:
uimMc LAXO03FA282 Encinitas, CA Aug-03 Robinson R-22 Beta 1 improper weather evaluation and preflight planning, instructor's inadequate
supervision, low cloud condition
UIMC with factors:
uimc CHIOOFA262 Watertown, Wl  Aug-00 Bell OH-58C 2 inadequate pilot's decision making, inadequate surveillance by the operator,
inoperative attitude indicator, night conditions
UIMC with factors:
inadequate pilot's decision making, pressure by the company to continue flights
in marginal weather,"flat" lighting leading to whiteout conditions, pilot's lack of

uimc ATLO4FA141 Barnesville, GA Jun-04 Robinson R44 3

uiMmc ANC99FA073 Juneau, AK Jun-99 Eurocopter AS-350BA 7 . R A R e
instrument experience, lack of total experience, inadequate certification and
approval of the operator by the FAA, FAA's inadequate surveillance of the
emergency instrument procedures in use by the company
UIMC with factors:

uImc LAX99FA200  Huntington Bch, May-99 MBB BO 105LS A-3 3 -with tactors
marginal weather

. . UIMC with factors:

uiMmc LAX99FA137 Indian Springs, NApr-99 MBB B0-105CBS-4 3

inadequate pilot's decision making, dark night conditions
UIMC with factors:

uimMc FTW98FA256 La Gloria, TX May-98 Eurocopter AS350BA 3 inadequate pilot's decision making, pressure induced by the medical
emergency to complete the medical evacuation
UIMC with factors:

uimMc FTW97FA121 Lena, LA Mar-97 MBB BO-105S 1 inadequate pilot's decision making, pilot not following company procedures
and directives, low ceiling, dark night light condition
UIMC with factors:

[V]]\Y (o LAX96FA140 Ontario, CA Mar-96 Schweizer 269C 2 . o . . o .
inadequate pilot's decision making, pilot's self-induced pressure
BELL 206L-4 UIMC with factors:
uIvc BFOOSFA13S  Whiting, NJ  Aug-94 3 S-withaciors: ) . )
inadequate pilot's decision making and in-flight planning
BELL 205A-1 UIMC with factors:

uimc DEN90FA053 Wrangell, AK Feb-90 6 inadequate pilot's decision making, company induced pressure to make the
flight, pilot's overconfidence in his personal abilities
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Appendix F: Autorotation Accidents

FLIGHT CONDITION NTSB ACCIDENT # LOCATION AICRAFT FATALITIES PROBABLE C 13

Contributing to the accident was the close proximity of
AUTOROTATION SEAQ7LA135 Columbus, MT ~ May-07 Hughes 369D 1 apower line support structure which restricted
maneuverability for a successful autorotation.

The fatigue failure of the tail rotor blade root fitting
due to a manufacturing defect which resulted in the
AUTOROTATION  CHIO7MAO083 Haena, HI 3/11/2007 McDonnell Douglas 369FF 1 separation of the tail rotor system and loss of tail rotor
control. A contributing factor to the accident were the
trees that the helicopter struck during the autorotation.

The pilot's failure to maintain adequate rotor rpm,
which resulted in an attempted autorotation and in-

AUTOROTATION  ATLO7LA045 Bethlehem, GA  2/24/2007 Hiller UH-12A 2 flight collision with trees. Contributing to the severity
of the accident was the pilot exceeding the helicopters
takeoff capability.

The complete loss of engine power, for undetermined
reasons, while on final approach, and the pilot's loss of
control of the helicopter after the power loss. Factors
include a lake below the final approach to the private
AUTOROTATION  SEAO7FAQ06 Sumner, WA 10/8/2006 Robinson R44 1 landing pad. The pilot did not apply the proper flight

control inputs to maintain a controlled autorotation to
the surface of the lake, and therefore the aircraft spun
multiple times around its vertical axis while
descending to an uncontrolled impact with the water.

A loss of engine power during cruise flight for an
undetermined reason, and the pilot's failure to
maintain rotor rpm, which resulted in an uncontrolled
descent and collision with terrain.
The failure of the constant delta P diaphragm in the
fuel control unit, which resulted in an increased fuel
flow and subsequent catastrophic failure of the
AUTOROTATION  LAX05GA231 Fair Oaks, CA 7/13/2005 Eurocopter France EC120B 2 engine. The diaphragm's failure was the result of
improper installation by the engine manufacturer. A
factor in the accident was the unsuitable nature of the

AUTOROTATION  ANCO6FA020 Scottsdale, AZ  2/22/2006 Robinson R22 2

terrain for a successful autorotation.

aloss of engine power due to the pilot inadvertently
turning off the magnetos and his failure to initiate an
autorotation and to maintain main rotor rom. A factor

AUTOROTATION LAX04FA067 Redlands, CA 12/15/2003  Robinson R22 Beta 1 . . .
in the accident was the pilot's use of an over-the-
counter medication that impaired his judgment and/or
performance.
failure of both pilots to initiate a timely recovery from
AUTOROTATION  DENO3FA0S0 Watkins, CO 5/28/2003  Hughes 265C 1 apractice autorotation. A contributing factor was the

instructor's inadequate supervision of the pilot
receiving instruction.

the misjudged flare maneuver by an unknown
AUTOROTATION LAX03FA134 Auburn, CA 4/10/2003 Hughes 269B 2 crewmember during a likely practice autorotation that
resulted in an in-flight collision with terrain.

The catastrophic failure of the engine resulting from 1st
stage turbine wheel blade failure due to type 1 hot
corrosion (sulfidation). Contributing factors were the
pilot's failure to brief the passengers on emergency
safety equipment (life raft), the pilot's failure to
deploy the skid-mounted emergency float system
during the autorotation, the high wind conditions, and
rough sea state.

A loss of engine power for undetermined reasons, and
the pilot's failure to maintain main rotor rpm during the
AUTOROTATION  LAXO03FAO60 Collinsville, CA  1/4/2003 Schweizer 269C 1 subsequent autorotation. A factorin the accident was
the unsuitable nature of the terrain for a forced
landing.

AUTOROTATION  FTWO3FA097 Ml 700, GM 2/16/2003 Bell 407 2
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Appendix F: Autorotation Accidents (continued)

The reported loss of engine power due to fuel
exhaustion during cruise flight, the pilot not
performing an autorotation, the pilot not maintaining
rotor RPM during his emergency descent, and the pilot
not maintaining control of the helicopter. A factor was
the trees.
The pilot's improper preflight planning which resulted
AUTOROTATION CHIO1FA231 Ballard, MO 7/22/2001 World Helicopters 47D1 2 in fuel exhaustion, and the pilot's subsequent

improper autorotation.

the pilot's failure to maintain rotor speed during an
AUTOROTATION DENO1FA058 GRAND JUNCTION 2/28/2001 BELL 412SP 1 intentional autorotation, which resulted in a loss of

control.

the loss of engine power due to an internal engine oil

leak that started an internal engine fire and the pilot's
AUTOROTATION FTWO1FAO017 E. Cameron 200, G10/28/2000  Aerospatiale AS-350BA 1 inadequate autorotation which resulted in a hard
landing. A contributing factor to the accident was the
rough water condition.
The pilot's failure to maintain rotor rom and the proper
rate of descent during a forced landing/autorotation
resulting in an in-flight collision with terrain.
Contributing to the accident was a loss of engine power
due to the failure of the No. 3 exhaust valve for
undetermined reasons, and the pilot's lack of total
experience in the R22 and recent experience in
autorotations.
the pilot's loss of aircraft control due to abrupt flight
maneuvering. Contributing factors were the high
density altitude weather condition, the total loss of
AUTOROTATION DENOOFA084 BLANDING, UT  5/4/2000 Aerospatiale AS-350B 3 engine power due to the pilot manually introducing
excessive fuel into the engine and over temping the
turbine section, and the lack of suitable terrain for the
ensuing autorotation.
The pilot's failure to roll throttle back on (return the
power to the normal operating range) during an

AUTOROTATION  CHIO2FA001 Attica, MI 10/3/2001 Enstrom F-28A 1

AUTOROTATION  MIAO1FA004 PEMBROKE PINES, 10/14/2000  Robinson R-22 2

AUTOROTATION DENOOGAO050 WOODS CROSS, U 2/11/2000 Bell OH-58A+ 2 .
attempted power recovery from an autorotation, and

his subsequent failure to maintain aircraft control.

The pilot's inadequate preflight inspection of the

helicopter's fuel system resulting in an in-flight loss of

engine power due to fuel exhaustion as a result of
AUTOROTATION  MIAOOFAQ03 CENTREVILLE, AL 10/5/1999 Bell 206B 2 overboard porting of fuel when the airframe fuel filter
was leftin the 'drain and locked' position and the
subsequent collision with trees during an attempted
autorotation.
An inaccurate exhaust gas temperature gauge, that
allowed the engine to be run over-temperature
unknowingly by the pilot, which resulted in the
subsequent failure of the turbine sections. Also causal
was the pilot's failure to maintain rotor RPM during the
autorotation. A factorin the accident was the
operator's failure to adequately perform engine health
indicator tests.

AUTOROTATION  LAX99FAQ57 QUINCY, CA 12/23/1998  Bell UH-1H 1

inadequate assembly instructions from the engine
manufacturer which resulted in improper engine
AUTOROTATION IAD99GA013 BALTIMORE, MD  11/4/1998 Schweizer 269C 1 assembly, and subsequent power loss over unsuitable
terrain, with insufficient altitude for a successful
autorotation.
Failure of the Instructor Pilot to control the helicopter's
rate of descent during a demonstrated autorotation.
Contributing to the accident were the Operator's lack
AUTOROTATION IAD98GA110 NEWARK, TX 9/25/1998 Hughes OH-6A 1 of: a. Instructor Pilot standardization
procedures, and b. Specific or adequate flight
demonstration procedures and techniques for both
instructor and transition pilots.
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Appendix F: Autorotation Accidents (continued)

The first pilot's improper procedures for an
autorotation, and improper flare which resulted in a
hard landing. Also causal was the second pilot's
inadequate remedial action.
the owner/builder incorrectly installed the tail rotor
drive pulley mounting scissors, overtorqued the pivot
belts, did not perform the required maintenance
lubrication of the pivot belts, and failed to perform
adequate visual maintenance checks of these areas
AUTOROTATION  LAX97LA197 PHOENIX, AZ 5/31/1997 Rotorway 162F 1 during the pre/postflight checks; the resultant
overtemperature on the pulley idlers; eventual
catastrophic failure of the drive belts; and the pilot's
failure to maintain rotor rpm during autorotation,
which resulted in loss of aircraft control and

AUTOROTATION |AD97FA123 PITTSFIELD, MA  9/27/1997 Fairchild Hiller FH-1100 1

subsequent collision with the terrain.
erosion of second stage stator vanes, inadequate
maintenance inspection for the erosion, and
subsequent fatigue failure of a stator vane, which
resulted in loss of engine power and a forced landing
on mountainous/hilly terrain. Also causal was: the
AUTOROTATION LAX97LA176 PUAKO, HI 5/10/1997 Hughes 369D 2 pilot's loading of the aircraft in such a manner that
exceeded the forward CG limit, which resulted in his
failure (or inability) to properly flare the helicopter
during a forced autorotation and landing. The rising
terrain and tailwind condition for landing were related
factors.
1) THE MASSACHUSETTS STATE POLICE (MSP)
MANAGEMENT'S FAILURE TO PROVIDE ADEQUATE
OVERSIGHT OF ITS AIR WING; 2) FUEL CONTAMINATION
AND OBSTRUCTED FUEL INJECTOR NOZZLES, DUE TO
INADEQUATE FUEL STORAGE AND STORAGE
REQUIREMENTS BY THE MSP, RESULTING IN A LOSS OF
ENGINE POWER; AND 3) THE FAILURE OF THE PILOT TO
EXECUTE A PROPER AUTOROTATION, WHICH RESULTED
IN A LOSS OF ROTOR RPM AND SUBSEQUENT LOSS OF
HELICOPTER CONTROL.
the pilot's failure to obtain/maintain a successful
autorotation. Factors were: a loss of engine power of
one engine for undetermined reasons, and the pilot's
shutdown of the wrong engine.
THE PILOT'S IMPROPER PREFLIGHT AND
MISCALCULATION OF REMAINING FUEL, WHICH
RESULTED IN FUEL EXHAUSTION, AND IMPROPER
AUTOROTATION, DUE TO INADEQUATE
TRANSITION/UPGRADE TRAINING AND LACK OF
FAMILIARITY WITH HELICOPTERS.
THE LOSS OF ENGINE POWER FOR UNDETERMINED
REASONS, AND THE PILOT'S FAILURE TO MAINTAIN
ROTOR RPM DURING THE FORCED LANDING
AUTOROTATION, RESULTING IN A LOSS OF AIRCRAFT
CONTROL AND COLLISION WITH TREES. ALSO CAUSALTO
THE ACCIDENT WAS THE PILOT'S LACK OF RECENT
HELICOPTER EXPEREINCE AND HIS LACK OF EXPERIENCE
IN THIS MODEL HELICOPTER.
THE LOSS OF ENGINE POWER DUE TO FAILURE OF THE
SECOND STAGE TURBINE LABYRINTH SEAL. FACTORS
AUTOROTATION  CHI93FA182 CAMERON, MO 5/27/1993 AEROSPATIALE AS-350B 2 RELATED TO THE ACCIDENT WERE: THE UNFAVORABLE
WIND AND TALL TREES BORDERING THE EMERGENCY
LANDING AREA.
THE PILOT-IN-COMMAND'S MISJUDGING THE DISTANCE
DURING THE AUTOROTATION.

AUTOROTATION  NYC95GAO060 CAMBRIDGE, MA ' 2/22/1995 EUROCOPTER AS-350-B 4

AUTOROTATION  CHI95FA050 ANN ARBOR, Ml 12/1/1994 Agusta A109A I 3

AUTOROTATION  LAX94LA226 FALLBROOK, CA  5/29/1994 PARKER ROTORWAY EXEC9 1

AUTOROTATION  NYC94GA066 NORTHFORD, CT 3/19/1994 HUGHES 369A 1

AUTOROTATION  CHI93GA046 KANSAS CITY, MO 12/1/1992 SCHWEIZER 269C 2
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Appendix F: Autorotation Accidents (continued)

AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION
AUTOROTATION
AUTOROTATION

AUTOROTATION

AUTOROTATION

AUTOROTATION

MIA92FA142

LAX92FA206

BFO92FLQO1

DEN92FA034

LAX93FA260

LAX91LA391

ATL91FA120

ATL90FAO75

CHI85FA301
FTW85FA282
DEN85FA134

CHIB4FA348

NYC84FA240

DEN82FA148

February 16, 2023

LABELLE, FL 6/26/1992

ANAHEIM, CA  5/8/1992

BOWLING GREEN, 3/23/1992

FORT COLLINS, CC 2/12/1992

HENDERSON, NV 6/19/1993

KAHULUI, HI 9/11/1991
BLAKELY, GA 7/1/1991
CROSS, SC 3/9/1990
BROOK, IN 7/20/1985

MATAGORDA ISLN 7/11/1985
CARRIZOZO, NM 5/12/1985

MEDFORD, MN  8/16/1984

REHOBETH, MA  7/14/1984

MEDORA,ND  7/29/1982

HUGHES 369HS 1

ROBINSON R-22B 1

JAMES D. RIEHM ROTORWA 1

BELL 206L-3 2
HUGHES 269A 1
Schweizer 269C 1
HUGHES 269C 1
SIKORSKY HSS-1N 1
BELL 47G2A1 1
AEROSPATIALE AS-350D 1
ENSTROM F-28F 1
Bell 206L-1 1
MBB BO-105C 2
ENSTROM F-280 1

I Helicopter Safety Team

THE PILOT-IN-COMMAND'S IMPROPER APPLICATION OF
COLLECTIVE PITCH DURING AN AUTOROTATIVE
LANDING RESULTING IN INSUFFICIENT ROTOR RPM AND
IN-FLIGHT COLLISION WITH TREES AND THE TERRAIN.
CONTRIBUTING TO THE ACCIDENT WAS THE TOTAL LOSS
OF ENGINE POWER DUE TO FUEL CONTAMINATION AND
INADEQUATE PREFLIGHT PLANNING/PREPARATION.

THE TOTAL LOSS OF ENGINE POWER FOR
UNDETERMINED REASONS, AND THE PILOT'S FAILURE TO
MAINTAIN ADEQUATE ROTOR RPM DURING THE
AUTOROTATION.

THE PILOT'S FAILURE TO MAINTAIN ADEQUATE ROTOR
RPM WHICH RESULTED IN THE INFLIGHT LOSS OF
CONTROL. CONTRIBUTING TO THE ACCIDENT WAS THE
PILOT'S LACK OF EXPERIENCE AND OVERCONFIDENCE IN
HIS ABILITY.

FAILURE OF THE NUMBER 2-1/2 BEARING DUE TO AN
OBSTRUCTION OF A BEARING OIL FEED TUBE BY
FOREIGN MATERIAL. FACTORS RELATED TO THE
ACCIDENT WERE: IMPROPER MAINTENANCE DURING
ENGINE OVERHAUL, AND WEATHER/TERRAIN/WATER
CONDITIONS IN THE EMERGENCY LANDING AREA. THE
PILOT MADE AN AUTOROTATION THROUGH DENSE FOG

the pilot's improper use of the collective control and
his failure to maintain adequate RPM during an
autorotative descent during a practice power off
landing. A factor which contributed to the accident
related to the pilot's lack of recent experience piloting
a helicopter.

THE STUDENT PILOT ENTRY INTO AN UNCONTROLLED
DESCENT WHILE ATTEMPTING TO PERFORM AN
AUTOROTATION. THE STUDENT PILOT'S LACK OF TOTAL
EXPERIENCE WAS A FACTOR IN THE ACCIDENT.

LOSS OF ENGINE POWER FOR AN UNDETERMINED
REASON, AND FAILURE OF THE INSTRUCTOR PILOT (CFI)
TO FOLLOW PROCEDURES AND MAINTAIN ROTOR RPM.

IMPROPER PLANNING/DECISION BY THE PILOT, WHICH
RESULTED IN FUEL EXHAUSTION DUE TO AN
INADEQUATE SUPPLY OF FUEL, AND HIS FAILURE TO FLY
THE HELICOPTER IN SUCH A MANNER THAT WOULD
HAVE ASSURED SUFFICIENT ROTOR RPM FOR AN
AUTOROTATION.

IMPROPER CONTROL APPLICATION BY THE PILOT
IMPROPER CONTROL APPLICATION BY THE PILOT
IMPROPER CONTROL APPLICATION BY THE PILOT
IMPROPER CONTROL APPLICATION BY THE PILOT, The
pilot's failure to maintain adequate rotor rpm
DURING A FORCED LANDING/AUTOROTATION TO A
ROAD AT NIGHT, THE HELICOPTER COLLIDED WITH
POWER LINES & CRASHED.

IMPROPER CONTROL APPLICATION BY THE PILOT
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Appendix G: Retreating Blade Stall Accidents

FLIGHT CONDITION NTSB ACCIDENT # LOCATION DATE AICRAFT FATALITIES PROBABLE CAUSE

THE PILOT'S INADEQUATE PREFLIGHT
PLANNING/PREPARATION WHICH RESULTED IN
FLIGHT INTO HIGH WINDS, TURBULENCE AND
WINDSHEAR.

RETREATING BLADE STALL LAX93FA272 SN FRANCISCO, CA  Jul-93 BELL 47G2-M 1
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Appendix H: Dynamic Rollover Accidents

FLIGHT CONDITION  NTSB ACCIDENT # LOCATION DATE AICRAFT FATALITIES PROBABLE CAUSE

The pilot's failure to adequately clear the left skid of
obstacles resulting in a dynamic rollover of the helicopter
and collision with terrain. A factor in the accident was the
dark nighttime lighting conditions.

DYNAMIC ROLLOVER LAX04LA249 Mesa, AZ Jun-04 Bell 206B 1

The failure of the flight instructor to maintain control of
DYNAMIC ROLLOVER LAXOOLA172 SAN DIEGO, CA 4/26/2000 Robinson R22 BETA 1 the helicopter, resulting in skid contact with an obstacle
and dynamicroll over.

THE PILOT'S IMPROPER WIND EVALUATION, AND
IMPROPER TOUCHDOWN PROCEDURE, RESULTING IN

DYNAMIC ROLLOVER FTWS95FA151 FLOWER MOUND, TX  4/1/1995 BELL 206L-1 1 DYNAMIC ROLLOVER OF THE HELICOPTER. FACTORS WERE
THE TAILWIND, DARK NIGHT, AND THE LACK OF RECENT
EXPERIENCE AT NIGHT.

THE PILOT-IN-COMMAND'S IMPROPER SUPERVISION OF
AN UNQUALIFIED PILOT WHILE ATTEMPTING A TAKEOFF
TO A HOVER. THIS RESULTED IN AN ON GROUND LOSS OF
CONTROL (DYNAMIC ROLL OVER). THE IMPROPER FLIGHT
DYNAMIC ROLLOVER MIA94FAQ53 ARCADIA, FL 1/15/1994 BELL 206L3 1 CONTROL INPUT (CYCLIC AND COLLECTIVE) BY THE

UNQUALIFIED PILOT AND PILOT-IN-COMMAND, AND THE
LACK OF WRITTEN PROCEDURES (OPERATIONS MANUAL)
APPROVED BY MANAGEMENT PERSONNEL WERE FACTOR
IN THE ACCIDENT.
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