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Abstract

To ensure safe flight in icing conditions it is essential to understand ice accretion, its effect on
aerodynamic performance and ice shedding in any aircraft certification program. Ice fragments
shed from a rotorcraft windshield and other locations can be detrimental if they are ingested into
the engine intake or impinge on the tail rotor. Because of the lack of experimental data about the
forces and moments acting on ice in such a complex flow field, the computational simulation of
ice shedding trajectories becomes essential. This study presents a methodology to predict the
location of ice accretion and break-off, ice shape and shedding trajectory in a rotorcraft flow field
with strong rotor wakes during forward flight. The methodology includes the creation of an
aerodynamic database for different ice shapes (rectangle, disc, ellipse, and glaze ice shape) at
various combinations of Euler angles; the analysis of rotorcraft flow field by computational fluid
dynamics for different advance ratios; and a six degree-of-freedom trajectory analysis using
artificial neural networks and the Monte Carlo method. The actuator surface method was applied
to account for the rotor wake effect, which is capable of modeling the tip vortices and inboard
sheets emanating from the rotor blades. The main results are a probability map of the ice shedding
trajectory footprints on the engine intake and tail rotor planes. Disc-shaped ice fragments with a
sharp edge turned out to be most dangerous. The rotation of the main rotors also substantially
affected ice accretion and shed trajectory, indicating the importance of integrated simulations of
all components when designing ice protection systems for rotorcraft.
Keywords: Rotorcraft; forward flight; rotor wake; ice accretion and shedding; 6-DoF; artificial

neural network
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1. Introduction

The accumulation of ice on aircraft flying through icing clouds is a serious risk to aircraft
safety [1-3]. Alongside other safety-related accreditations before operation, icing certification is
required to guarantee safe flight in icing conditions. Exposure to icing clouds for an extended
period may cause significant ice accretion on critical components including wings, rotor blades,
air data systems (ADS), windshield, engine inlet, fan, and propeller [4]. This accumulated ice can
not only degrade aecrodynamic performance but also cause ice shedding, which is a serious safety
concern. A number of studies have shown that ice shedding can cause potential damage [5-8] to
the sensitive components of an aircraft, which is a significant concern to the manufacturer. In
general, larger ice fragments [9] have a higher potential of causing a considerable amount of
damage.

In-flight icing certification of aircraft is achieved using engineering methods such as analysis
[10-12] and computational fluid dynamics (CFD) [13,14], wind tunnel testing (dry and icing wind
tunnels) [15-19] and flight testing (artificial ice shapes, icing tanker, and natural icing) [20-22].
The ice shedding problem can be investigated using wind tunnel tests [23] or computational
simulations [24,25]. Papadakis et al. [23] conducted ice shedding experiments with simulated ice
shapes to generate data to validate ice shedding analysis tools. They performed experiments in a
dry wind tunnel to investigate the trajectories of simulated ice fragments released in the airstream
during shedding. However, experimental studies using realistic ice shapes in complicated flow
fields around aircraft are very rare, if not entirely absent. Furthermore, icing wind tunnel testing
suffers from the very complicated scaling laws, and therefore it cannot handle all the
meteorological icing conditions prescribed by an icing certification envelope.

For these reasons, the computational methods are increasingly being used to study ice
accretion and shedding. It is also the only method capable of exploring the full icing envelope.
Computational simulations also have the versatility to analyze any scenario or condition at low
cost and, as a result, they have become the mainstream method to study ice accretion and the

trajectories of ice fragments shed from aircraft.



Since the early 1980s, two-dimensional ice accretion solvers have been developed by NASA,
ONEARA, DLR, and CIRA for aircraft icing research [26]. Beaugendre ef al. [27] developed the
FENSAP-ICE computational package based on the partial differential equation (PDE) which
combines different modules such as impingement, ice accretion, and heat loads on a single
platform. Recently, Raj et al. [28] investigated ice accretion and aerodynamic effects on a multi-
element airfoil under the Appendix O icing envelope of supercooled large droplet (SLD)
introduced in 2014. Using high-fidelity CFD and metamodeling methods, Raj et al. [29]
systematically studied the sensitivity of ice accretion and aerodynamic performance degradation
to five critical physical and modeling parameters: surface roughness, ice density, multi-shot ice
model, droplet distribution, and evaporation model. Lee et al. [30] investigated the aerodynamic
characteristics and complex interactions between flows generated from iced airfoils with three
multi-elements—slat, main, and flap—using large-eddy simulations.

Cao et al. [31] summarized the computational models available for helicopter icing, including
aerodynamics, ice accretion, the performance of icing protection system (IPS), and the effects of
icing on helicopter performance. Szilder [32] calculated the impingement of droplets on the
fuselage and rotors of a Bell 412 helicopter in forward flight using the Lagrangian approach.
Aliaga et al. [33] computed ice shapes by updating the geometry of the iced surface in time and
simulated the rotating/stationary interactions using dynamically stitched grids. Ahn et al. [34]
conducted an experimental study on the engine air intake of a KUH-1 Surion helicopter using an
icing wind tunnel to obtain the shape of ice accretion and compared the experimental results with
the FENSAP-ICE computational package. Jung et al. [35] evaluated the performance of
electrothermal anti-icing systems for a rotorcraft engine air intake based on a meta model and
presented guidelines for determining the required level of heater power and the size of heat pads.

Ice shedding or ingestion beyond a threshold (for example, 130 grams in the case of the engine
intake) into the critical component of an aircraft can be very dangerous. For instance, in an
accident on 2" January 2013, Eurocopter EC130B4 experienced a hard landing due to engine
power loss, and as a consequence the pilot and three medical crew were seriously injured. The

report by the National Transportation Safety Board (NTSB) concluded that the engine power loss
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occurred due to significant deformation of the outboard tips of four compressor blades in the
engine in the direction opposite to normal rotation, due to the impact of foreign object debris such
as ice [36]. In another accident on 17™ January 2012, Eurocopter AS350B3 C-FMPG was
destroyed in British Columbia and the pilot was killed. According to the Aviation Investigation
Report A12P0008 [37], the engine power loss and hard landing occurred because of damage of
the compressor blade from ice ingestion.

Therefore, ice shedding, an aftermath event of ice accretion, can be of serious concern to the
safety of the aircraft as shown by various accident reports. To tackle this problem, various
researchers in the past have attempted to predict ice accretion and ice shedding and its trajectories
and to prevent collisions of ice fragments with critical parts of the aircraft. Ignatowicz et al. [38]
established a link between the static moment and dynamic moment acting on an ice fragment in a
one-way coupled computational simulation. Anthony ef al. [39] and Hayashi et al. [40] developed
computational models by combining ice accretion and ice shedding and predicted the occurrence
times of ice shedding and the mass of shed ice. Papadakis et al. [9,23] proposed a method to utilize
six degrees-of-freedom (6-DoF) and Monte Carlo simulations to compute ice trajectories and
probability footprint density for a business jet aircraft. Dong et al. [41] presented inflight
parameter identification and icing location detection of an aircraft and generated an icing detection
block, based on a probabilistic neural network. Sathyanarayana et al. [42] examined the accuracy
of the two-way coupling method with dynamic meshing in an ice trajectory calculation.

The flow field generated by a rotorcraft is extremely complicated due to interactions between
the rotor blades and fuselage. The resulting flow structures are characterized by highly spatially
non-uniform, highly three-dimensional, and unsteady fields. The vortices and the wakes produced
by the rotor blades and their interactions are also highly dependent on the advance ratio [43-46].
A general flow field [47-51] around a rotorcraft with four blades is depicted schematically in Fig.
1. The essential features in the flow-field of rotorcraft in forward flight are the inflow and the
downwash. A large amount of air is taken through the rotor and pushed downwards. The advance
ratio of the rotorcraft determines the direction of the downwash and the interaction of downwash

with the tail region of the helicopter.



In forward flight, the component of freestream velocity adds or subtracts from the rotational
velocity of the blade depending on the direction of the blade, i.e., whether the blade is approaching
or moving away from the freestream. Although the velocity distribution along the blade remains
linear, it is no longer axisymmetric and varies with respect to azimuthal angle. In addition, the
forward flight speed, blade pitch angle, and distribution of induced inflow through the rotor disk
will affect the angle of attack on the blade, and therefore lift distribution, rotor thrust, and power
consumption. Moreover, high dynamic pressure at the tip of the rotorcraft blade produces a high
concentration of aerodynamic force, resulting in strong vortices near each blade tip. These are a
series of interlocking vortices with almost helical trajectories, also known as tip vortices, as shown
in Fig. 1. These tip vortices remain close to the rotor, following the rotor for several revolutions.
The interaction between these vortices and the following blades produces a strong three-
dimensional induced velocity field. The interaction between the following blades and induced
velocity field, fluctuating air loads, results in the fluttering of blades producing local vortices of
various scales. The interaction between these vortices and fuselage also produces several flow
structures with a high level of spatial inhomogeneity.

The characteristics of ice accretion on a rotorcraft surface are directly affected by the
aerodynamic interaction between the strong vortices and the fuselage. The mechanism of ice
break-up from the surface is intricate and inherently stochastic. The mechanical properties of ice
are dependent on the ambient temperature, rate of freezing, presence of porosity, and micro-
impurities. A change in microstructure can change the macroscopic properties of ice, such as its
strength. Moreover, the rapidly changing flow field around the ice promotes ice break-up, making
the whole process stochastic. The interactions between vortices, fuselage, and variation in the
overall flow field due to forward flight speed creates an intricate flow field. For instance, Son et
al. [52] investigated the complicated flow field of a rotorcraft due to rotor-wake effects and
subsequent ice accretion on rotorcraft fuselage.

However, very few studies have addressed ice shedding in a flow field of a realistic rotorcraft
with multiple blades. Previous studies in this field were restricted to the analysis of simple

configurations like airfoils and the flow fields of fixed-wing aircraft with simplified ice shapes.
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There are few studies on ice shedding trajectory and footprints in the flow field of a rotorcraft with
multiple blades with realistic ice shapes. To address this shortcoming, this study develops a general
methodology to predict the location of ice accretion, ice shape and shedding trajectory in a
rotorcraft flow field with strong rotor-wakes in forward flight. It focuses on critical factors such
as flow conditions, ice shapes, and break-off orientations that influence the ice footprints. This
level of detailed study will be essential to fully understand the effects of the critical factors on the
footprints of ice shedding trajectory, and for the design of proper ice protection systems (IPS) for
rotorcraft in the future.

The present methodology includes the identification of the location of ice accretion and break-
off; the creation of an extensive aerodynamic database for different ice shapes (rectangle, disc,
ellipse, and glaze ice shapes) at various combinations of Euler angles; the computation of
complicated rotorcraft flow fields using computational fluid dynamics (CFD); and a 6-DoF
trajectory analysis using artificial neural networks and the Monte Carlo method. To take into
account for the rotor wake effect, the actuator surface method (ASM) was applied, which is
capable of modeling the tip vortices and inboard sheets emanating from the rotor blades. A key
component of the present methodology is an integrated computational simulation of ice accretion
and shedding trajectory of rotorcraft in forward flight taking into account the interaction of the
fuselage and rotor blades. The final results are the probability map of the footprints of ice shedding

trajectories on the engine and tail rotor plane.
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Fig. 1. A schematic diagram of the flow field of a rotorcraft with four blades and ice break-off

mechanism.



2. Mathematical modeling of rotorcraft flow field and ice shedding

This section describes the rotorcraft flow field and the mechanisms of ice break-off from the
surface, together with probable representative ice fragments. The simulation of ice trajectories was

achieved by combining a 6-DoF code, artificial neural network (ANN) and Monte Carlo methods.
2.1. Numerical methodology for the computation of rotorcraft flow field and ice accretion

For the data related to the flow fields of the rotorcraft and ice accretion shapes with various
forward flight speeds, we used a method developed in previous studies [28,52]. The simulation
method is composed of four different modules: 1) a flow analysis module based on the Navier-
Stokes-Fourier (NSF) equations and the ASM, 2) a droplet-trajectory analysis module based on
the Eulerian droplet equation of shallow water type [53,54], 3) a PDE-based thermodynamic
module, and 4) a grid-regeneration module. We employed two approaches when predicting ice
accretion: 1) single-shot, where the ice accretion is calculated entirely based on initial flow field
data, and 2) multi-shot, where the air and droplet flow field data are updated based on changes in

the ice accretion for a specified number of times, as shown in Fig. 2.
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Fig. 2. Methodology for single-shot and multi-shot ice accretion processes.



The droplet-trajectory analysis module is based on the shallow water type Eulerian droplet
equation with source terms, as summarized in appendix A. The mass of impinging droplets can be
computed from the velocity and bulk density of the droplet field. The thermodynamic analysis
module then determines the fraction of the mass that freezes on the surface, as described in
appendix B. The thin water film theory is used to describe the behavior of unfrozen water on the
surface. The phase change from the impinged water to freezing ice is calculated based on the
Messinger model. Finally, the ice thickness is determined using the value of ice density in the grid-
regeneration module. Further details about the present method of ice accretion and its validation
can be found in [28,52].

The icing exposure time is substantially longer than one revolution of rotation. Thus,
performing a full unsteady simulation through the four modules is impractical. In the present
simulation, after ten rotor revolutions, the velocity vector fields were averaged using the last rotor
revolution, which was later used for the droplet-trajectory calculation.

Since this study focuses on icing on the fuselage and the trajectories of the ice fragments
detached from the fuselage surface, it is necessary to consider the strong wake induced by the
main rotor. To efficiently account for the rotor wake effect, we incorporated the ASM into the NSF
flow analysis module. The ASM is capable of modeling the individual tip vortices and inboard
sheets emanating from the rotor blades.

The ASM was originally developed for wind turbine applications under the incompressible
condition without energy conservation [55]. However, heat transfer between the air and the surface
is important for icing simulations. To this end, in the present study the incompressible ASM was
extended to the compressible NSF equations. The ASM incorporates the effect of an individual

rotor blade as the source term in the momentum equation, as follows,

o(pl) o (2 dT
T+V-(puu):—Vp+V-(2,u[Vu]( ))+W (1)

where u, dT, dv represent the viscosity of air, the local thrust and the volume of the cell,

respectively. The added source term in (1) is determined from the calculated thrust for the
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computed volume of the rotor blade, and it becomes zero for other computed volumes. In this way,
the source term imposes a pressure jump in the computation cells representing the exact location
of the rotor blades. Similarly, the energy conservation for the present compressible ASM was

modified as

PN o onaye SPK) Lo k)P g 2
p" +V-(pht)+ m +V-(plK) at—V (aVh) (2

. 2 L .
where h denotes the enthalpy per unit mass, K = |u| /2 represents the kinetic energy per unit

mass, and h denotes the thermal diffusivity of air.

2.2. Identification of ice break-up, shape, and location

Ice break-off from the surface is mainly the result of two processes: 1) loosening of the bond
between the ice and the surface of the structure, and 2) crack development and propagation inside
the ice. The breaking of the bond between the ice and surface may be caused by the action of
deicing equipment, or very high centrifugal force, or the application of an external force such as
wiper movement, or the combination of two or more of the aforementioned factors. In addition,
varying flow fields around the rotorcraft and structural vibration may produce substantial
fluctuating forces on the ice, leading to the accumulation of fatigue inside the ice. Subsequently,
the fragment breaks from itself because bonding force inside the ice has weakened.

Ice accreted on the surface is subjected to various kinds of forces. The free body diagram of
the forces that can act on the ice is shown in Fig. 3. As the ice is subjected to the flow field, three
aerodynamic forces (drag, lift, and side force) will act on the ice. Moreover, if the ice is subjected
to rotational motion, as in the case of a helicopter rotor or turbofan, the ice will experience a large
centrifugal force [56]. In addition to these forces, other external forces can exist, such as those
imposed by wiper movement, or deicing equipment like electro-mechanical expulsive systems.
On the other hand, the aerodynamic pressure force and the weight of the ice act against the break-
up of'ice. Most importantly, as the ice accretes on the surface, a strong adhesion force forms at the
interface between the ice and the surface (steel, or aluminum, or composite) [57,58].

For ice which has accreted on the fuselage of the helicopter, where centrifugal force is absent,
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the combined effect of acrodynamic forces and other external forces or their interactions will
determine the break-up of ice from the surface. The formation and break-up of ice are inherently
local phenomena, since droplet impingement and aerodynamic forces on the fuselage vary in
different locations, and deicing by the wiper on the windshield is position-dependent.

Ice exhibits a variety of physical behaviors ranging from ductile to brittle as a function of strain
rate and temperature [59-61]. The mechanical properties of ice show a strong dependence on
temperature, rate of freezing, porosity, and micro-impurities [62]. Ice may experience dynamic
fluctuating forces due to the dynamic flow field and structural vibration. After sufficient cycles of
these fluctuating loads, fatigue appears inside the ice and the strength of the ice decreases, leading
to very early failure. The amplitude of the fluctuating load determines the number of cycles the

ice can sustain before breaking off [56,63].
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Fig. 3. Different possible forces that can act on ice fragment subjected to various flow field
conditions.

Other external forces usually initiate the ice break-up process, and the acrodynamic forces then
contribute to the process and enhance it. The deicing system periodically removes ice by
mechanical or thermal means and plays an initial role in the ice break-up process [64]. In the case

of the windshield, the movement of wipers plays a significant role in initiating ice break-up. The
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movement of the wiper will carry the ice with it until the wiper reaches the curved surface of the
windshield, where the ice will have a high tendency to tear off from the surface and move along
with the strong airflows. The movement of the wiper may also cause a temporary accumulation of
ice at the upper tip of the wiper during operation. When that accumulation becomes large enough
that the adhesion force between the ice and the surface is smaller than either the weight of the ice

chunk or the aerodynamic force due to its large size, the ice chunk will break off from the surface.
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Fig. 4. Representative shapes of ice break-off from the surface: (a) rectangle, (b) disc, (c) ellipse,
and (d) glaze ice shape (GIS).

Considering those scenarios of ice break-off during the forward flight of a helicopter, there

can be at least four probable representative shapes of ice shed from the surface of a helicopter

fuselage including the windshield, as depicted in Fig. 4.

Rectangle or plate: When the ice accretes over a flat surface of the fuselage or the windshield,
the ice has a large surface area and small thickness. When any breaking force is large enough to
tear the ice from a flat and smooth surface, the broken ice piece will have a shape that resembles

a rectangle or plate.

Disc: During the movement of the wiper, some ice may accumulate at the tip of the wiper. The

movement of the wiper can create a torque on the side of the accumulated ice, giving the ice the
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approximate shape of a disc.

Ellipse: When the ice accretes over a flat surface of the fuselage or the ice accumulates over
the wiper during its movement, and the ice size becomes enough that the aerodynamic force on it
becomes large, the chunk may break off and take the shape of a rounded edge bar, much like the

shape of an ellipse.

Glaze ice shape (GIS): GIS forms when ice accumulates from the accretion and refreezing of
the run-back water after melting. The run-back water moves in the downstream direction due to
the aerodynamic drag of the wind and refreezes after losing its latent heat, forming irregular shapes.
GIS can form at the boundary of the anti-icing region of a windshield embedded with
electrothermal heating thin film, or near the leading edge of a rotor blade moving with high speed.
Because of its sensitive location near the engine intake and the potential path of the initial break-

off, the trajectory of shedding GIS should be treated very carefully.

The ice shedding (or break-off) location is primarily determined by where the ice has
substantially accreted under given icing and flight conditions. The shedding location and shape
of the ice that might impact a critical component of the rotorcraft are of the utmost importance.
As discussed earlier, however, the formation and break-off of ice are local phenomena and
dependent on many factors. In particular, the break-off of ice is inherently stochastic.

Because of the random nature of ice shedding, it is very difficult to predict the exact location
ice shedding. For this reason, stochastic methodology was adopted to determine the location of
ice shedding. We first selected several shedding locations and then performed a hundred 6-DoF
simulations with different sets of Euler angles for each of these locations to find the shedding
locations with high probability. It turned out that in most locations, no or very few ice fragments
reached the engine plane of the rotorcraft, while ice fragments from some locations could reach
the engine plane. The locations from where at least fifty percent of ice fragments reach the engine
plane were considered. The collection of these locations that were very close to each other were

then represented as one shedding location. The most crucial shedding locations are designated ‘A’,
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‘B’,“C’, ‘D’, and ‘E’ in Fig. 5.

A :(0.28,-0.039, 0.12)
B: (0.24, 0.028, 0.092)
C:(0.17, 0.025, 0.065)
D: (0.24,-0.125, 0.092)
E: (0.175,-0.13, 0.068)

X
e
(1.99, -0.051 ,_)-—:
0.208
Z
-0.125 X

All dimensions are in meter

Fig. 5. Representative locations (with coordinates) where ice break-up and shedding are near

critical components of the rotorcraft.

2.3. Six degrees-of-freedom simulation method

Ice fragments subjected to an airstream experience three forces (normal, axial, and side force)

and three moments (pitching, yawing, and rolling moment). The 6-DoF method describes the

translational motion resulting from the forces, and the rotational motion due to the moments, that

act on the fragment. The spatial acceleration of the body in the inertial frame can be derived from

the vector summation of three-body forces, and then transforming them into the inertial frame.

14



The spatial acceleration in the body frame can be calculated from the following equations [65,66],

1

X*==F’+g",
m
XY=L Er g (3)
_m y g ,
)'('Z:iFZb+gz.
m

Here Fxb, Fyb, sz represent the axial, side, and normal forces being exerted on the ice fragment,

respectively. The superscript b represents the body (non-inertial) reference frame. X', m, gi

represent the acceleration and mass of the body (ice fragment) and gravity, respectively. The
velocity and displacement of the body can be calculated by subsequent integration of the equations.
The rotational motion of the body governed by the Euler’s equation of motion can be

expressed as

vio - dH”
dt

+@" xH". )

Here M®, H®, &° represents the moment, moment of momentum, and angular velocity acting on

the body, respectively, with respect to the body frame. The angular acceleration can be determined

as (/ denoting the inertia matrix)

dd_a"t’bal[w_(@bxﬁb)]. (5)

Considering the angular velocities P,Q,R about the body axes X:,XS,X? , respectively, this

equation can be further expanded in terms of the moments acting on the body axes,

-1

lj XX Xy I Xz M >l<) P I XX I Xy I Xz P
Q:lwlwlﬂ MY |=[Q x| 1, 1, 1,]Ql] (6)
R sz Izy Izz M? R sz Izy Izz R
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where M f M ly], Mf represent rolling, pitching, and yawing moments.

The angular velocities can be obtained by integrating the angular acceleration from Eq. (6) in

the body frame. The quaternion ( ¢ =[0;,,0,,05,d,]) rates can then be calculated from the angular

velocities as follows [65],

1
q1=—§(q2P+q3Q+q4R)+ﬂql,
1

d, =§(q1P+q3R—q4Q)+/1q2.
(7)
1

q3=§(qu+q4P—q2R)+ﬂq3,

. 1
4, = _E(qu+q2Q_q4P)+ﬂq4'

Here the drift correction gain A is given as 2 =1—(q/ + > +q? +q_) . The quaternion rates can

be numerically integrated to obtain new sets of quaternions at the next time step. The Euler angles

(w,0,9) can be obtained from the sets of a new quaternion using the following equations

2 2 2 2
Y = cos‘l[ql R R J(sign [2(0,05+,0,) ]),

cosd
6 =sin™ [_2(q2q4 - q1q3):|! (®)
(- —a?+q), .
¢:C081£ql qcz:osgs q4](3|gn[2(q2q4+q1q2)]).

2.4. Generation of footprints using artificial neural network

An artificial neural network (ANN) follows the strategy of adaptation, by which it learns and
evolves. A neural network is a deep learning method in which multiple neurons are used in each
layer, called hidden layers, in between the input and output layers. Each neuron is connected with
every neuron in the former and later layers by a certain number of variable weights. Sometimes
some bias can be added to a neuron. The output from the neuron becomes the linear summation

of the multiplication of weights and values of the connected neurons [67]. This value is multiplied
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with a non-linear function called an activation function to bring non-linearity to the calculation.

Therefore, the output of each neuron can be written as [68],
u=> wx +b.. 9)

Here W, represents the weights of the connections with b, as bias on the neuron. The resultant

function U is formed as a function of the inputs ( X, ), weights (W, ), and bias (Db, ). After

multiplication of the activation function such as sigmoid and ReLu (Rectified Linear Unit), a

quantity can be expressed as the multiplication of the activation function with the neuron output,
Y = f(u). (10)

The training data from the test cases are provided to the input layer, from which it propagates
to the output layer, and weights are assigned to the connections, a process known as forward
propagation. The initial output values vary from that of the original output that was provided in
the test case. Thus, the accuracy of the system is measured by cost function or loss function, which

is defined as

1
c==3(v-a), an

where N denotes the number of training inputs, a is the predicted value, and y is the actual value.
The aim here is to minimize the value of cost or loss.

In the present study, a gradient descent optimization algorithm was used to minimize the cost.
During the forward propagation, random weights and biases were assigned to the connections.
The calculated error from the forward propagation was then fed back along with the gradient of
the cost function to update the weights to reduce errors in the subsequent iterations, a process
known as backpropagation. The whole process was repeated until a high enough accuracy was
achieved.

The training data in the present study were generated by the 6-DoF code to train the network.
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After training the network with different sets of hidden layers, and the number of neurons required

to achieve an accuracy of at least 99%, the network was used for further computational simulations.

2.5. Monte Carlo simulation

The break-off of ice from the surface is inherently stochastic and depends on a large number
of parameters. Important factors include the break-off location, orientation, shape, size, weight,
variation of density inside the ice, aerodynamic characteristics, and underlying rotorcraft flow
fields that carry fragments. Therefore, a probabilistic method such as the well-known Monte Carlo
[69,70] is needed to account for the random feature of ice shedding.

For the Monte Carlo simulation, firstly, one needs to identify the important factors affecting
the randomness in the problem. Secondly, one needs to define a proper probability distribution for
each parameter. Then for each variable, one needs to determine the value randomly within the
range of possible values obtained by the cumulative probability distribution. The probability
distribution was obtained by creating a grid system (800x800) on the ANN maps and then
introducing the ratio of the number of hits in a particular cell to the total number of hits. The
cumulative probability distribution was used to form an interval table. Next, a large number of
random numbers were generated, and events were selected based on the matches between the
generated random numbers and the intervals. The number of repeated events was then added.
Finally, the outcome of the problem can be obtained by iterative computation.

In the present study, we used the Monte Carlo method to obtain the probability maps of ice
fragment footprints on the engine intake and tail rotor planes, downstream of the shedding location.
These maps were then utilized to determine how severely the critical components of the rotorcraft
were exposed to the shedding of ice fragments. Random unbiased initial orientations were
considered in the Monte Carlo simulation for five different locations on the frontal fuselage of the
rotorcraft, four different ice shapes, and four different flow fields with the advance ratios of 0.075,

0.15, 0.2, and hovering.

2.6. Summary of methodology
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The primary purpose of this study is to investigate the probability of ice shedding footprints
on the engine intake and tail rotor planes. This was accomplished by combining the helicopter
flow field including the strong rotor wake, 6-DoF computations with ANN, and Monte Carlo
simulation. The flow chart of the general methodology is described in Fig. 6. In the beginning, the
airflow and droplet fields of the rotorcraft were generated for given flight and icing conditions. As
the ice accretes with time, the airflow field around the rotorcraft changes continuously. However,
this transient behavior was not taken into consideration in the present study, as the effect of wakes
is far stronger than the change in flow field produced by ice accretion. After running the PDE-
based thermodynamic module for ice accretion, we identified the probable location and condition
of ice break-off from the frontal part of the fuselage of the rotorcraft.

The aerodynamic database of the most probable ice shapes was generated in advance with the
help of an NSF-based CFD code for a combination of Euler angles. The aerodynamic data and
airflow field were then fed into the 6-DoF code. It is mathematically a one-way coupling in which
the motion of ice is affected by the airflow field but not vice versa, which is well justified in the
case of small moving objects like ice fragments. The initial coordinates and angular orientations
of the ice fragment were selected from the probable location and condition of ice break-off. The
forces and moments on the ice fragment were calculated based on the pre-generated aerodynamic
database. The time marching was achieved using the fourth-order Runge-Kutta method. In this
way, the shed ice fragment travels in the flow field as time advances. At the end of the simulation,
the ice footprint data from the engine inlet and tail rotor planes were collected.

Next, the ANN module was utilized to predict a large number of trajectory outputs with the
given set of Euler angles as input. The ANN was trained using the data generated by the 6-DoF
code in advance. After the ANN was trained to a sufficiently high level (at least ninety-nine percent
accuracy), it was used for further simulations. The Monte Carlo module was then employed to
perform the stochastic simulation using the ANN data. The Monte Carlo simulation provides the
most probable maps of trajectory footprints on critical parts of the rotorcraft for a large number of

parameters.
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Fig. 6. Flow chart of ice shedding simulation methodology.

3. Rotorcraft flow field, ice accretion, and ice shedding trajectory

To obtain the shapes of ice accretion on the fuselage of a rotorcraft, we chose the ROBIN
(ROtor Body INteraction) body [71,72] as a representative configuration. We then conducted a
computational simulation for 30 minutes using the metrological icing condition defined by LWC
of 0.6 g/m*, MVD of 20 um, and the ambient temperature of -10°C. We selected four cases with
advance ratios 0f 0.2, 0.15, 0.075, and 0 (hovering). The forward flight of the rotorcraft will result

in ice formation on the frontal surface of the fuselage. Although a long exposure time of 30 minutes
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was considered, the absolute forward flight velocity of the rotorcraft (38 m/s in the case of advance
ratio of 0.2) is lower than that of a conventional fixed wing aircraft. As a result, the ice accreted
on the fuselage belongs to rime (or intermediate) ice according to Dickey’s data [73] in
determining the form of an ice accretion. Therefore, there was no significant difference in the rate
of surface change even though there was a slight difference in the shape of accreted ice between
the single-shot and multi-shot calculations. From these observations, the final icing shape can be

obtained using the single-shot method, which can greatly reduce the computation time.

3.1. Numerical simulations using the aerodynamic and ice accretion solvers

To identify the location of ice break-off, one needs to determine in advance the region in which
ice accretion occurs. However, there is no published data for local ice accretion on a rotorcraft (or
helicopter) fuselage, obtained using icing tunnels or natural icing tests. Accordingly, we obtained
the ice accretion shapes for three forward flight speeds and the hovering case, using computational
simulations. The rotor wake structures, the ice accretion shapes, and the mass distribution of ice
accreted on the fuselage for the four flight cases are illustrated in Figs. 7, 8, 9, respectively.

In the highest speed case (4=0.2), the strong tip vortexes of the main rotors formed but did not
collide with the frontal surface of the fuselage, as shown in Fig. 7 (a). As can be seen in Figs. 8§ (a)
and 9, most of the frontal surface of fuselage including the windshield and the engine intake
section is covered with ice due to the inflow of the strong rotor wakes. The ice accreted on the
frontal surface of the fuselage is thicker than in the lower speed case because of the higher rate of
droplets impinging on that region during high flight speed. The tail boom region is also covered
with ice, since the strong tip vortexes collide on that region.

In lower-speed cases (¢=0.15, 0.75), the ice accretion at the nose and tail boom regions was
prominent, as shown in Figs. 8 (b),(c) and 9. Because of the wake skew angle, the windshield area
was less affected by inflows than in the high-speed case. However, thicker ice was observed on
the tail boom region, because most of the tail boom region is still located under the inflow of the
rotor wakes, as shown in Fig. 7 (b), (¢).

In the hovering case (¢=0), there was no ice accretion at the nose, as expected from the zero-
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forward velocity, as shown in Figs. 7 (d) and 8 (d). The windshield was uniformly covered with
relatively thin ice. Interestingly, most of the ice accumulated in the upper pylon. Thick ice was
formed on the tail boom (x=1.4) where the high-speed rotor wakes collided, as shown in Figs. 7
(d) and 9. The thick ice region on the tail boom found in the hovering case moved further
downstream as the wake shifted by the skew angle in low-speed cases.

The quantitative data on ice thickness at the mid-sectional plane of the fuselage at different
locations such as nose, engine intake, and tail region are also shown in Fig. 8 for each case of the
advance ratios. The mass of ice accretion near the nose region was observed to be the highest in
the highest speed case with an advance ratio of 0.2 and almost negligible for hovering. In general,
the thickness of ice at the same location was observed to decease with decreasing forward flight
speed. The maximum ice thickness at the mid-section of the nose region was approximately 1.5
centimeters. The similar trend was found for ice accretion at the engine intake where ice accretion
decreases with decreasing forward flight speed. The maximum ice thickness at the mid-section of
the engine intake was approximately 1.1 centimeters. At the tail region, the maximum amount of
ice accretion was observed for hovering and the amount of ice accretion decreased with increasing
advance ratio. The maximum ice thickness at the mid-section of the tail region was approximately
0.55 centimeters. In summary, in the highest speed case with an advance ratio of 0.2 thick ice
accumulated near the nose (x<0.1) and the engine intake (x=0.4). A dramatic increase in ice

accretion was also observed on the windshield (0.1<x<0.2).

22



(b)

23



(d)

Fig. 7. Visualization of rotor wakes using Q-criteria (Q=1000) with various forward flight
speeds; (a) 4=0.2, (b) ©=0.15, (c) x=0.075, and (d) hovering.
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Fig. 8. Ice accretion shapes on the fuselage with mid-sectional view of ice thickness at nose,
engine intake, and tail region for various forward flight speeds; (a) u=0.2, (b) u=0.15, (¢)
pu=0.075, and (d) hovering.
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Fig. 9. Mass distribution of ice (in kilogram) accreted on the fuselage along the longitudinal
direction. The horizontal coordinates x=0, 2 represent the nose and tail of the fuselage,

respectively.

3.2. Grid independence study of a CFD code in generating aerodynamic database

The aerodynamic databases are required during the trajectory calculation because they provide
the forces and moments acting on the ice fragments with respect to Euler angles. The aerodynamic
database of the four shapes (plate, disc, ellipse, and GIS) were computed using an NSF-based CFD
code for a combination of Euler angles. A mesh independence study was conducted to accurately
evaluate the forces and moments in an optimal manner. Three different meshes, Mesh-1, Mesh-2,
and Mesh-3, with the number of cells, 2,096,373, 2,822,981, and 5,294,179, respectively, were
used for the study. Figure 10 shows the grid distribution around the rectangular flat plate (in Mesh-
2) and the pressure coefficients on the surface of the plate for three different meshes. Since the
difference between Mesh-2 and Mesh-3 was negligible, we selected Mesh-2 for further
computations. The same rationale was applied to all other shapes when generating the

acrodynamic database.
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Fig. 10. Grid distribution around the plate (in Mesh-2) (left) and comparison of the pressure

coefficients on the surface of the plate for three different meshes (right).

3.3. Verification and validation of the 6-DoF code

3.3.1. Verification of the 6-DoF code using analytical solutions

The first step in verifying a numerical code is to consider a case where a full analytical solution
is available. Following this standard practice, we considered analytic solutions of the simplified
equations of motion and compared them with the numerical results. For this purpose, we chose
the rotation of the rectangular flat plate about the semi-major axis by an impulsively applied

moment with the following conditions [74]:

|, =11,=10,1,=100,

®,=0,0,=1w,=0.

(12)

The system is subjected to an instantaneous perturbation by applying a moment along its minor

axis: M (0<t<dt)=0.01. The analytical solution of angular velocities is given by the

equations,
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@, =£3.0151sech(2.84605t),
®, =+ tanh(2.84605t),
@, = +0.06534 sech(2.84605t).

(13)

Figure 11 shows the undistinguishable numerical and analytical solutions, which alternate

periodically due to the initial perturbation.
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Fig. 11. Rotation of the rectangular flat plate about the semi-major axis perturbed by an

impulsively applied moment.
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3.3.2. Validation of the 6-DoF code using wind tunnel test data
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To validate the 6-DoF code for the realistic icing shedding problem with the underlying airflow
field, we selected a wind tunnel test with two configurations of rectangular flat plate (RFP), RFP12
and RFP6, conducted by Wichita State University (WSU) [23]. The wind tunnel test was
conducted with a wind velocity of approximately 70 meters per second. The inertial frame of
reference was fixed on the wind tunnel with the X-axis being in the direction of the flow, the Z,Y-
axes being perpendicular in the vertical and horizontal directions, respectively, with respect to the
X-axis, as illustrated in Fig. 12. The trajectories were extracted from high-speed video images
using the grids attached to the tunnel ceiling and sidewall. The trajectory distance recorded in the
tests ranged from approximately 2.0 to 2.2 meters. The RFP12 and RFP6 configurations were
released with zero angles of attack in the wind tunnel. Figure 12 compares the trajectories of the
WSU wind tunnel test, WSU 6-DoF code, and the present 6-DoF code, for the RFP12 and RFP6
configurations. The trajectory computed by the present 6-DoF code closely follows the test data

of the WSU wind tunnel.

3.4. Trajectory analysis and Monte Carlo simulation of the engine intake and tail rotor

planes

We conducted trajectory analysis and Monte Carlo simulations for four representative ice
shapes: plate, disc, ellipse, and GIS. Each type of shed ice was traced from their shedding locations
to a point where the trajectory passed through the vertical plane formed by the intersection of the
engine intake, as shown in Fig. 13. The same procedure was applied to the plane of the tail rotor.
The intersection of the shed ice trajectories and the engine intake or tail rotor planes is called the
trajectory footprint.

We selected four main parameters—forward flight speed, break-off location, ice shape, and
the Euler angles (roll, pitch, and yaw)—and treated the Euler angles randomly in 6-DoF
simulations. Initial ice break-off locations were chosen based on information about ice accretion
on the surface, and the study of the criticality of break-off locations. Each of these locations was
tested with a hundred trajectory computations for different sets of randomly generated initial Euler

angles. Ice fragments shed from most of these locations were not able to reach the engine intake
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plane or the tail rotor plane, because the trajectory was way off the planes. In a few other cases,
ice was not able to reach the engine intake plane, since it collided with the helicopter surface
before it could reach the engine intake plane. After considerable trajectory computations, we
identified five representative break-off locations, shown in Fig. 5, and considered them for all
following calculations. After selecting the break-off locations, we repeated the trajectory
computations for randomly chosen Euler angles (initial orientation) with four different ice shapes.
The outcomes from the 6-DoF simulations were used to train the neural network.

The trajectory data obtained from the trained neural network were then utilized to generate the
input for the Monte Carlo simulations. The total number of trajectory footprints at the engine
intake plane was always less than the number of shed ice, since a specific combination of initial
Euler angles will result in trajectories which collide with the helicopter surface before reaching
the engine intake plane or the tail rotor plane. A trajectory footprint density map and Monte Carlo
probability density map were then computed from the neural network and Monte Carlo simulation,
respectively. The footprint density indicates the number of ice fragments hitting the location per
unit area for a discrete set of events. On the other hand, the Monte Carlo probability represents the
probability of hitting for numerous random events spread over the variable space associated with
the phenomenon of ice shedding. The location of the engine intake and tail rotor planes is shown

in Fig. 13.

3.4.1. Footprint analysis on the engine intake plane

We first investigated the footprint density and Monte Carlo probability density on the engine

intake plane for different flow fields, initial break-off locations, and ice shapes.

Effect of flow conditions

To investigate the effect of flow conditions on footprint density and Monte Carlo probability
density in the rotorcraft flow field, we performed 6-DoF simulations for different advance ratios:
0.2, 0.15, 0.075, and 0.0 (hovering). The density maps for each flow condition were obtained by

randomly varying initial orientations (Euler angles) and, at the same time, by considering various
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combination of initial break-off locations and ice shapes. Figure 14 shows that the footprint density
and Monte Carlo probability density on the engine inlet plane increased with increasing advance
ratio. On the other hand, it turned out that there was no footprint in case of hovering, owing to the
strong downwash and its effect of blocking ice fragments approaching the engine intake plane.
For this reason, the density maps were not presented.

As the advance ratio increased, the velocity in the flow field also increased. Since the
aerodynamic forces and moments acting on the ice fragment are proportional to the square of the
relative velocity, the ice fragments experience higher force both in the downstream and upward
directions. The force in the downstream direction helps the ice fragment to move in the same
direction. In contrast, the force in the upward direction lifts the ice fragment and makes the
situation more dangerous. As the flight speed increases, the direction of the downwash moves
towards the downstream direction with an increased wake-skew angle, which assists in carrying
the ice fragment with the airflow. Based on the maps of footprint density and Monte Carlo
probability density, high-speed flight in icing conditions makes it more likely that ice fragments

will hit the engine intake plane, than low-speed flight.

41



5.5e+08

5.0e+06
5.25e+8
~— 3.6e+6
— 5e+8
— 2.4e+6 . .
A 4.75e+8
1.2e+6
1.0e+05 — 4.5e+08
.. 002 008 015 023 03 0.09 012 0.15 018  0.22
(@)
5.0e+06 5.5e+08
5.25e+8
~— 3.6e+6
+
. 2.4e+6 et
L DEFE 4.75e+8
1.06405 4.5e+08
002 6.08 0.15 0.23 0.3 0.09 0.12 0.15 0.18 0.22
(b)
5.0e+06 5.5e+08
-~ 3.6e+6 5.25e+8
— 2.4e+6 5e+8
1.2e+6 4.75e+8
1.0e+05 5@ 4.5e+08
0.02 008 0.5 009 012 015 018 022
(©)

Fig. 14. Footprint density (left) and Monte Carlo probability density (right) for different
advance ratios: (a) 4=0.2, (b) ©=0.15, and (c) £=0.075. The vertical numbers represent the actual

hits, while the horizontal numbers represent the corresponding percentage.
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Effect of initial break-off locations

We repeated the 6-DoF simulations to investigate the effect of initial break-off locations on
footprint density and Monte Carlo probability density. Like the previous case, the density maps
were obtained by randomly varying initial orientations (Euler angles) and, at the same time, by
considering various combination of flow conditions and ice shapes.

Location A is located at the centerline, which makes it relatively closer to the engine intake
plane than other break-off locations. As a result, a large number of ice fragments not only hit the
engine intake plane, but a significant percentage of ice fragments also hit the engine intake itself,
as shown in Fig. (a).

To understand the footprint pattern of the off-centered break-off locations (B-E), it is vital to
consider the direction of the rotation of the main rotor blade. As the rotor blade rotates
counterclockwise (viewed from the top), the vortex generated by the rotor blade tends to collide
with the left side (viewed from the front) of the fuselage. As a consequence, the initial break-off
locations B and C encounter an inward flow towards the center of the fuselage. The ice fragment
shed from B has a greater chance of reaching the engine intake plane and the actual engine intake
than that shed from C, as shown in Fig. 15 (b) and (¢), since B is located closer to the engine intake
plane than C.

On the other hand, the initial break-off locations D and E experience an outward flow, since
they are located on opposite sides of the fuselage. As a result, ice fragments shed from D and E
tend to move away from the fuselage, as shown in the Fig. 15 (d) and (e).

In summary, the direction of the main rotor blade contributes significantly to the trajectory
footprint, which is quite different from the case of fixed-wing aircraft, making computation of ice

shedding trajectories on rotorcraft with strong rotor wakes very complicated.
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Fig. 15. Footprint density (left) and Monte Carlo probability density (right) for different
initial break-off locations: (a) A, (b) B, (c) C, (d) D, and (e) E. The vertical numbers represent

the actual hits, while the horizontal numbers represent the corresponding percentage.

Effect of ice shapes

The shape of the ice fragments may have a significant effect on footprint density and Monte
Carlo probability density. The rationale for the representative ice shapes (plate, disc, ellipse, and
GIS) was described in detail in Section 2.2. We repeated the 6-DoF simulations by randomly
varying initial orientations (Euler angles) and, at the same time, by considering various
combinations of flow conditions and initial break-off locations.

A further complication related to fundamental ice physics may come into play with the effect
of ice shapes: the ice density. The density of ice in in-flight aircraft icing is not constant; rather, it
depends on the meteorological conditions, the rate of ice formation, presence of foreign particles,
and pores during freezing. To mimic the real physics, the ice density was randomly varied from
850 to 918 kg/m? [75,76] during simulations.

It is well known in aerodynamics that the shape of an object (like an ice fragment) has a
significant impact on the magnitude of aerodynamic forces and moments that will be exerted on
the object. Figure 16 shows the critical role of the ice shape in the footprint density and Monte
Carlo probability density. The plate-shaped ice with sharp edges showed the highest footprint

density on both sides of the fuselage at the engine intake plane, as shown in Fig. 16 (a). However,
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those footprints are contained in compact regions located considerably away from the fuselage
and the engine intake, making this type of ice shape least dangerous. In contrast, disc-shaped ice
with a sharp edge was found to be the most dangerous, as shown in Fig. 16 (b).

The third kind of representative ice shape, elliptic shape ice with rounded edges, was found to
be not very threatening, since the footprint density is very small and distributed uniformly at the
engine intake plane, as shown in Fig. 16 (c). On the other hand, the GIS ice showed a pattern
similar to the disc-shaped ice, but with much less density near the engine intake, making this type
of ice shape less dangerous than the disc-shaped ice. The GIS ice is close to a realistic ice shape,
with an asymmetric shape in all three axes and with the presence of local irregularities. Because
of the local randomness in shape, the aerodynamic effect and the footprint pattern are less intuitive.

The unusually high footprint density of the disc-shaped ice at the engine intake can be
explained as follows. The disc-shaped ice is geometrically symmetric along the roll and pitch axes.
Because of this symmetry, the side force coefficient of the disc-shaped ice has a similar order of
magnitude with the axial force coefficient. Although the normal and axial force coefficients of the
plate-shaped ice have similar orders of magnitude as the disc-shaped ice, the side force coefficient
of the plate-shaped ice is much lower than that of the disc-shaped ice. Therefore, when the ice is
released from the off-centered break-off locations, because of the higher side force, disc-shaped
ice fragments are more likely to reach near the engine intake than the plate-shaped ice. In contrast,
the plate-shaped ice was unable to reach the engine intake, even when it was released from location
A at the centerline and with a very high initial pitch angle (more than 80 degrees).

The type of edge of the ice fragments was found to be another factor that had a strong influence
on the footprint patterns. The effect of edge type can be easily observed by comparing the
footprints of the plate-shaped ice with sharp edges (Fig. 16 (a)) and the elliptic shape ice with
rounded edges (Fig. 16 (c)). The difference is striking and is due to the aerodynamic effect: The
fragment with sharp edges experiences smaller acrodynamic force than the fragment with rounded
edges. As a result, the fragment with sharp edges experiences a higher acceleration in the vertical
and downstream directions. Consequently, the footprints of the fragment with sharp edges are

densely distributed in compact regions, while the footprints of the fragment with rounded edges
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are widely spread over the engine intake plane.

5.0e+06 5.5e+08
[3'6e+6 5.25e+8
. 24e+6 Se+8
1.2e+6 4.75e+8
_ 1.0e+05 - 4.5e+08
002 008 015 023 0.09 012 015 018  0.22
(a)
i‘ 5.0e+06 5.5e+08
_ I_ 3.6e4+6 5.25e+8
- 2.4e+6 ' S5e+8
1.2e+6 4.75e+8
1.0e+05 4.5e+08
0.02 0.08 009 012 015 018 022
(b)
5.0e+06 5.5e+08
[ 3.6e+6 | 5.25e+8
2.4e+6 S5e+8
1.2e+6 4.75e+8
1.0e+05 '_ 4.5e+08
.. 002 °l'<)8 0.09 012 015 018 022 |
()
5.0e+06 U, 5.5e+08
5. EaliE - 5.25e+8
2.4e+6 | ¥ Bl
1.2¢46 . 4.75e+8
1.0e+05 4.5e+08

0.09 ‘0.12 0.15 0.8 0.22

47



(d)

Fig. 16. Footprint and Monte Carlo probability density for different ice shapes: (a) plate, (b)
disc, (¢) ellipse, and (d) GIS. The vertical numbers represent the actual hits, while the horizontal

numbers represent the corresponding percentage.

3.4.2. Footprint analysis of the tail rotor plane

The tail rotor is another rotorcraft critical component, susceptible to external foreign object
damage (FOD). We conducted trajectory analysis and Monte Carlo simulations of ice fragment to
investigate the effect of the flow fields and ice shapes on the tail rotor plane. Because of its
rearmost location and relatively small size, the tail rotor does not affect the overall flow field
compared to the main rotor. Thus the tail rotor was ignored in the airflow simulation. The main
rotor blade of the rotorcraft uses electrothermal de-icing rather than anti-icing, because it has high
energy consumption efficiency. After considering the de-icing mechanism, the five break-off
locations of the ice fragments were assumed to be equally distributed on the outer half of the main
rotor blade. We only considered the blade approaching towards the tail rotor (every 30 degrees),
resulting in seven cases in total. The direction of the moving ice fragment and the relative velocity
between the ice fragment and the tail rotor are essential properties needed to measure the potential
for damage due to the external FOD.

Effect of flow conditions

The overall direction of the downwash was found to be the main factor driving ice fragment
movement towards the tail rotor. In Fig. 17, I, II, I1I, and I'V describe the direction of the downwash
for advance ratios of 0.2, 0.15, 0.075, and hovering, respectively. As the advance ratio increased,
the wake-skew angle increased. As a result, there is very small or no interaction with the tail region
of the rotorcraft, leading to lower footprint density and Monte Carlo probability density.

At a low advance ratio, more of the air flow moves with the downwash and interacts with the
tail region. When hovering, the downwash moves downwards vertically and has a symmetric

pattern. The main rotor vortex and the secondary vortex (the vortex generated by the interaction
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between the main vortex and rotorcraft structure) interact strongly with the tail region. As a result,

the density pattern is compact at the tail rotor plane, and the Monte Carlo probability density

reaches maximum.

In summary, for the probability density pattern, the effect of the flow field on the tail rotor is

opposite to that on the engine intake plane. High-speed flight increases the probability density on

the engine intake, whereas hovering and low-speed flight increase the probability density on the

tail rotor.
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Fig. 17. Footprint density (left) and Monte Carlo probability density (right) for different

advance ratios: (a) 4=0.2, (b) ©=0.15, (c) x=0.075, and (d) x=0.0. The vertical numbers represent
the actual hits, while the horizontal numbers represent the corresponding percentage. I, II, I1I,

and IV visualize the wakes in the corresponding flow fields.

Effect of ice shapes

The shape of the ice accreted on the rotor blade is sensitive to the rotational speed of the rotor,
advance ratio, location, airfoil section, and meteorological icing conditions [77]. The ice shape is
also affected by the activation of the electrothermal de-icing system, which removes the accreted

ice periodically from the rotor blade. Consequently, the ice shapes shed from the rotor blade may

50



be very diverse—for example, thin in heat mode and thick in case of the failure of the de-icing
system. Therefore, as a starting point we can apply the same representative ice shapes which were
originally derived by considering the fuselage. Figure 18 shows that the general trend in density
on the tail rotor plane was slightly different than that on the engine intake plane. The GIS ice
showed the highest Monte Carlo probability density, followed by the plate-shaped ice, the disc-

shaped ice, and lastly the elliptic shape ice.
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Fig. 18. Footprint density (left) and Monte Carlo probability density (right) for different ice
shapes: (a) plate, (b) disc, (c) ellipse, and (d) GIS. The vertical numbers represent the actual hits,

while the horizontal numbers represent the corresponding percentage.

4. Ice shedding characteristics in rotorcraft

Ice shedding can disrupt engine operation when the ice fragment is ingested into the engine
intake. It can also cause an external FOD when the ice fragment hits a critical component like the
tail rotor. Based on the extensive studies described in the previous sections, we shall discuss

characteristics and implications of ice shedding in this section.

4.1. Hovering

Ice shedding during hovering was not critical to the engine intake of the rotorcraft. There was
no trajectory footprint on the engine intake plane, because of the blocking effect of the strong
downwash in the vertical direction. Computational simulations showed that very few or no
fragments reached the engine intake plane. The vortex resulting from the rotation of the rotor
blades directly affects the flow around the rotorcraft structure. Because of the strong unidirectional
downward airflows, the ice fragments, even with a very high pitch angle, could not reach the
engine intake plane. The fragments either collided with the surface long before reaching the engine
intake plane, or they moved in the downward direction due to the direction of airflow and gravity.

On the other hand, the tail rotor can be vulnerable to external FOD, since several vortices of
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several scales generated from the interaction of the main vortex and the tail region make it possible
for ice fragments to reach the tail rotor. Nonetheless, since the ice fragment moves with relatively
low velocity, ice shedding in the hovering condition may not be critical for the tail rotor of the

rotorcraft.

4.2. Forward flight

Unlike fixed-wing aircraft, a rotorcraft has an asymmetric, vortex-dominated, high spatially
varying flow field. As mentioned earlier, aerodynamic forces and moments acting on an ice
fragment are proportional to the square of the relative velocity of the airflow and ice fragment.
With increasing advance ratio, the relative velocity also increases, resulting in high aerodynamic
forces and moments. Flight at high forward speed in icing conditions proved to be dangerous for
sensitive components of the rotorcraft, especially the engine intake.

It was shown that the fragment resembling disc-shaped ice with a sharp edge was the most
hazardous ice shape. Two other parameters—initial break-off locations and advance ratios—
played non-negligible roles. The ice shed from the centerline of the fuselage (for example, the
upper part of the windshield) turned out to be the most dangerous location. A significant
percentage of ice fragments from this location hit the engine intake. On the other hand, because
of the asymmetric flow-field caused by the rotation of the rotor, the trajectories of ice shed from
opposite sides of the fuselage (B and D or C and E in Fig. 5) were found to be substantially
different. Because of the counterclockwise rotor rotation, the left side of the rotorcraft (viewed
from the front) encounters more adverse effects from ice shedding. This aspect may be taken into
consideration when selecting the location of ice detectors on rotorcraft.

Tail rotors are designed to withstand bird strikes of up to a one-kilogram bird. According to 14
CFR § 29.631, the velocity of the rotorcraft is VNE (Never exceed speed) or VH (Maximum speed
in level flight at maximum continuous power), whichever is lesser [78]. Since the energy of the
impact is proportional to the square of the impact velocity, low velocity causes a low impact.
Therefore, low speed flight is recommended during icing conditions, even though the probability

density on the tail rotor plane at low speed is greater than that of high speed. Low speed flight
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during icing conditions is safer for the engine as well as the tail rotor [79-81]. In the event of an
inevitable collision between ice fragments and the tail rotor, the kinetic energy of the ice fragment

should not exceed the kinetic energy of a one-kilogram bird strike.

5. Further issues in developing safety enhancement measures for rotorcraft

In this section, we discuss further issues in developing measures to enhance the safety of

rotorcraft during icing conditions.

5.1. Integrated computational simulation for designing the rotorcraft IPS

The flow field of a rotorcraft in forward flight has an enormous impact on ice ingested into the
engine intake and the external FOD to the tail rotor. The actuator disc method [82] is commonly
used to model the rotor blade effect. Although this method is computationally very efficient, it is
unable to model the effect of strong rotor wakes associated with multiple rotor blades and their
impact on ice accretion on the fuselage. Wang et al. [83] reported a recent development in the
study of ice accretion on a rotor blade in forward flight with overset grids. Son et al. [84] studied
ice accretion on wind turbine blades by applying the multiple reference frame approach.

Available power for anti-icing and de-icing is limited in rotorcraft. For the electrothermal anti-
icing systems for the engine intake and the windshield, it is essential to keep power consumption
low. On the other hand, for the electrothermal de-icing systems for the main rotors, proper intervals
of power on/off time are critical to minimize runback ice. Simply maintaining the power-on state
longer could cause more runback ice, making the de-icing less effective. Therefore, an accurate
computation of ice accretion and shedding using an integrated simulation for the fuselage and
main rotor will play an essential role in the proper design of the IPS. Further, accurate information

about the amount and location of ice accretion will help to quantify the power required for the IPS.

5.2. Localized evaporative heating

Anti-icing systems prevent ice forming and adhering to the surface of a structure. These

systems can be run in either wet or dry conditions. In wet conditions anti-icing systems require
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less energy and do not evaporate all of the water. The unevaporated water travels downstream due
to aerodynamic drag and refreezes again as run-back ice and form ridges. In contrast, in dry
conditions, all of the water evaporates before it reaches the cold area.

Anti-icing can be achieved in three ways, either by hot air obtained from hot air bypass from
the engine or using a fluid system where freezing point depressant chemicals are used, or by an
electrothermal system where energy is supplied from the generator [85].

Electrothermal heating systems [86] consist of heating pads or films. Although the generator
is required for operation, their system efficiency is higher than other anti-icing systems such as
hot air. The power distribution can be customized and can be used in both dry and wet conditions.
At the same time, the computational simulations can be used to optimize the power distribution of
the anti-icing systems.

In the present study, it was found that the ice shed from the upper edge of the windshield was
most dangerous, along with the sides of the windshield. Therefore, the ice shed from these
locations must be minimized, and it should not be allowed to form disc-shaped ice with a sharp
edge. Fully evaporative anti-icing systems in these locations can increase the safety of the

rotorcraft during icing conditions by preventing the formation of run-back ice or ridges.

5.3. Automation system based on varying and localized IPS power distribution

A sophisticated automation system can be developed to minimize energy consumption and
cover the diverse forms of icing that might be encountered. Bragg et al. [87] proposed an icing
encounter automation system based on ice accretion sensors, IPS, an interface unit, and an ice
management system (IMS). Ice accretion sensors are responsible for the detection of ice on the
rotorcraft. After receiving the ice accretion information, the information is transferred to the IMS
and interface unit. If the pilot activates the IPS, this is known as advisory operation. But if the
IMS activates IPS, it is referred to as primary IPS operation. IMS is the main unit, which is

connected to sensors, an interface unit, and a feedback loop from IPS, as shown in Fig. 19.
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Fig.19. Rotorcraft icing encounter automation model.

The concept proposed in this study is intended to work in unison with the IPS to provide an
additional level of safety beyond that provided by a simple IPS system. For a variety of reasons,
rotorcraft cannot always avoid ice and as a result can encounter situations that could jeopardize
the safety of the rotorcraft. Therefore, additional safety measures beyond current levels are
advisable for a meaningful reduction in icing-related accidents.

The function of the IMS can be summarized as follows:

1. To sense the presence of ice accretion in various locations based on the information obtained
by ice accretion sensors.

2. Automatically activate the IPS based on the amount of ice accretion detected, using a variable
power supply for the electrothermal heating pads or films. Also, provide feedback to the pilot
system status.

3. IMS will operate based on data from the IPS and the ice accretion sensor. Based on the severity
of ice detected by the sensors, the power supply to the [PS will be controlled.

It is known that ice accretion on the engine intake and the windshield of the fuselage differs
with location. If the heating mats (embedded in the engine intake) or the heating thin film
(embedded in the windshield) are provided with the same power for all protected regions, it may

cause an inefficient usage of power due to variations in ice accretion, as shown in Fig. 8. To address
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this problem, integrated computational simulation can be used to identify the areas more sensitive
to ice accretion. For example, the present study showed that the upper part of the windshield is a
sensitive location for ice shedding. These areas can be appropriately identified at the design stage
and locally provided with varying amounts of power, sufficient to prevent the build-up of
dangerous ice shapes like the disc-shaped with sharp edges. This will substantially enhance the

energy efficiency of the IPS and can prevent ice shedding from the outset.

5.4. Windshield wiper design

An ingrained problem that exists in the operation of helicopters during winter is the build-up
of ice on the windshield and wipers [88,89] which eventually hinders the visibility of the pilot.
Although heaters are provided within layers, there may be insufficient transfer of heat through the
glass of the windshield from inside, causing the ice to build-up. After a sufficient accumulation of
ice on the windshield, visibility can be severely impaired.

Over the years, several methods have been proposed to improve the operation of the
windshield wiper in icing conditions. The windshield wiper system is sometimes provided with a
slapping activated mechanism [90] that allows the wiper blades to slap against the windshield
causing the built-up ice (and snow) to fall away. This mechanism is pilot-driven in case of need.
Although this kind of system is successful at removing ice from windshield and wiper, there is a
great possibility that the broken built-up ice fragments will be carried by the downstream airflow
and hit critical components of the rotorcraft.

Another common practice in the design of windshield wipers for cold climates is to provide a
chemical washing fluid that removes the ice [91]. Wipers are equipped with primary nozzles to
provide washing fluid during normal operation and secondary nozzles to bathe the wiper during
de-icing. In this kind of system, a control unit is needed to automatically operate the wiper motor,
fluid pump, and for temperature detection. To modify this kind of system, various chemical fluids
can be used for ice washing.

There are a couple of patents on a windshield wiper with a heater assembly made up of

electrical heating elements along the longitudinal length [92,93]. An electric current is passed
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through the coils of the heating element producing heat along the length of the wiper. The heat
helps the ice to melt on the wiper and as well on the windshield. If more heat is provided on the
outer radius of the wiper, it can minimize the shedding of ice towards the engine intake. In this
case, an integrated computational simulation can be used to optimize the power distribution of the
windshield wiper, and a windshield embedded with electrothermal thin films. Moreover, such a
windshield wiper system can be integrated with the IMS, which can effectively melt the ice on the

windshield and modulate the power, based on requirements.

6. Conclusions and remarks

Ice shedding from rotorcraft is a safety concern since it can cause considerable damage to the
engine and other sensitive rotorcraft components. We developed a general methodology to predict
the location of ice accretion and break-off, ice shape and shedding trajectory in the rotorcraft flow
field with strong rotor wakes in forward flight. The ice accretion simulation method consists of
four modules: 1) a flow analysis module based on the NSF equations and the actuator surface
method, 2) a droplet-trajectory analysis module based on the Eulerian droplet equation, 3) a PDE-
based thermodynamic module, and 4) a grid-regeneration module. Other modules include the
aerodynamic database for different ice shapes at various combinations of Euler angles, and a six
degree-of-freedom trajectory analysis using artificial neural networks and the Monte Carlo method.

High speed forward flight in icing conditions proved to be the most dangerous for sensitive
components of rotorcraft, especially the engine intake. In particular, it is necessary to minimize
the runback ice shed from the upper edge of the windshield and the lip of the engine intake by
installing proper IPS in those regions. For this task, integrated computational simulation can be
used to optimize the power distribution of the windshield and the engine intake equipped with
electrothermal anti-icing systems.

Disc-shaped ice fragments with a sharp edge turned out to be most dangerous. The rotation of
the main rotors also substantially affected ice accretion and shed trajectory, indicating the
importance of conducting integrated simulations of all components of the rotorcraft when

designing rotorcraft ice protection systems. When inevitable collisions occurred between ice
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fragments and the tail rotor, the situation was not serious in most cases, since the kinetic energy
of the ice fragment impact was much lower than the kinetic energy associated with a bird strike.
In this study, among various types of rotorcraft engine intake, we considered the conventional
Pitot-type intake, which is located at the front of the upper fuselage and can thus take full
advantage of high dynamic pressure in forward flight. If a side-mounted intake is considered, there
will be a substantial change in the ice accretion and shedding characteristics. In addition, it will
be very interesting to investigate the ice accretion and shedding problems on new platforms such
as compound helicopters and urban air mobility vehicles. We hope to report the results of our

study of these problems in the future.
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Appendix A. Eulerian description of the droplet flow field

The present droplet-trajectory module is based on the Eulerian approach. Aerodynamic drag,
buoyancy, and gravity acting on the droplet field can be treated as source terms in the following

equations of mass and momentum conservation,

P PqUq }
L Ve 1= 3 o Cp Rey L (. Pl (A1)
L)dudl |:pdudud _M(ua_ud)_i_pdg( -

Here the subscripts d, a, w denote droplet, air, and water, respectively. The Reynolds number of a
droplet is defined as Re, = p, -MVD '|Ua — Uy | | 1, . In atmospheric icing conditions, the ratio of

the mass of water droplets of small size (approximately a few tens of micrometers in diameter) to
the mass of air in unit volume is known to be in the range of 1073, In addition, the corresponding

Stokes number—characterizing the behavior of particles suspended in a fluid flow—inside a cloud
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composed of air and small super-cooled droplets of liquid water is known to be smaller than 0.1
in most flight conditions. Therefore, the air-mixed droplet multiphase flow field can be solved
using a weakly coupled (one-way coupling) algorithm, meaning that the droplet field may be
calculated separately from the air flow field. Once the droplet flow field is known, the mass rate

of droplets impinging on the surface can be determined as follows,

M= p,ly -N (A2)
where 1 is the local surface normal vector.
Appendix B. Thermodynamic ice accretion solver

The mass of an impinging droplet can be computed from the velocity and bulk density of the
droplet field. The role of the thermodynamic analysis module is to determine the fraction of the
mass that freezes on the surface. To explain the behavior of unfrozen water on the surface in case
of glaze ice, a theory of thin water film is necessary. Since the water film is thin in ice simulations,
the velocity profile of the water film is linear. Consequently, the velocity of the thin water film
can be written as a function of the wall shear stress and water film thickness,

-1 h

h
U, =—|udh=—-1_,.
f hf‘([ f 2 Tl

w

(B1)

The convection terms in the mass- and energy-conservation equations are related to the
fraction of water that does not freeze. The net flux of the water film in the control volume can be

calculated in the same manner as the flow solver,

I’ﬁ_mice
h h,U g
S PR R B 3 m(CP’WTqurlUdzj . (B2)
thp,wTeq t hf p,w equ ’OW 2
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The first-term on the right side of the first equation represents the water mass that hits the surface,
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while the second-term shows the ice mass that freezes on the surface. The first-term on the right-
hand side of the second equation represents the kinetic energy of the water droplet, while the
second- and third-terms represent the latent heat and heat convection, respectively.

The clean air solver provides the wall shear stress and heat transfer coefficient (/4. ) as inputs
to the ice accretion solver. The shallow water type (A1) droplet solver provides the droplet impact

velocity and collection efficiency as inputs to the ice accretion solver. There are three unknowns

to be computed: water film thickness h, , equilibrium temperature T, , and mass accumulation

eq ?
M. . Since there are only two governing equations available in (B2), compatibility relations are

necessary to close the system. Based on physical behavior, the following compatibility equations

proposed by Beaugendre et al. [27] can be used:

h, >0
M, >0

Ice —

h,T, >0

eq —
miceTeq >0

(B3)

Finally, the ice thickness is determined by dividing the calculated mass of ice by the ice density in

the grid-regeneration module.
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