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Abstract. This study achieves modelling two helicopters via computational fluid
dynamics (CFD) and simulating the flow field that develops due to a near miss.
The rotation of the main rotor and the translational movement of the helicopter
are modelled in this study, and the long trajectory of the moving helicopter is
realised in the simulation. Moreover, the interaction of flows around the two
moving helicopters is also achieved by introducing the communication between
multiple moving computational domains. Firstly, the validation test is conducted
using a helicopter model with a rotating main rotor, where the results produced
by our in-house code are compared with those computed by another CFD solver,
FaSTAR-Move. This test verifies that the communication between the overlap-
ping grids is reliably achieved in our simulation. In the simulation of nearly miss-
ing helicopters, two near-miss cases are computationally demonstrated, where
the complex flow field which develops around the two helicopters is captured,
and the disturbance in aerodynamic and moment coefficients exerted on the hel-
icopters are observed. These results confirm the capability of this CFD approach
for realising near-miss events on a computer.
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1 Introduction

Recently, the airspace in metropolitan areas has become extremely busy: there are com-
mercial helicopters, police helicopters, and medevac flights, and the demand for air
transport by aeroplanes has been increasing greatly. Moreover, considering the current
expansion of drone industries and the launch of flying cars in the future, aircraft will
need to share more congested airspace. While the danger of crashing need hardly be
said, there is also the risk of near-miss flights, where aircraft are affected by the flow
field that develops around other aircraft. In fact, the near collision of two helicopters
has been reported [1]. Considering the increasing congestion of the future airspace,
near-miss events will occur more frequently. Therefore, comprehending the aerody-
namic effects exerted on aircraft and their behaviour in response to the effects in a near
miss is essential to ensure the safety of aircraft as well as promoting legislation to in-
troduce standards that increase the safety of aircraft in more congested airspace. How-
ever, since the flight in this scenario involves high risk, flight tests by real aircraft are
not easily manageable. On the other hand, computational fluid dynamics (CFD) allows
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an arbitrary scenario to be set and high-risk flight simulations to be conducted without
risking human life. Thus, it is essential to further develop the CFD method to compu-
tationally examine the nearly missing aircraft.

The current CFD used for analysing the flow around aircraft is able to not only sim-
ulate fully fixed objects but also model their moving and deforming components and
analyse the flow field in detail. For example, CFD simulations for helicopters analysed
the flow generated by their rotors and its aerodynamic effects in combination with wind
tunnel testing [2, 3]. The trajectory prediction of aircraft through CFD has also been
reported [4]. The manoeuvring of aircraft has been simulated through the coupled sim-
ulation of CFD and flight dynamics that considers the configuration of the components,
their function, and the controlling system. This approach is effective for analysing the
flow field and the reaction of aircrafts to the flow field [5]. However, these simulations
have primarily been used to model only one aircraft, and near-miss events involve mul-
tiple aircraft. This implies that the CFD method, which can model multiple moving
objects and the interaction of the flow fields generated by them, is necessary for simu-
lating near-miss events on a computer.

Therefore, in this paper, we simulate two helicopters in a near miss using the CFD
method. Helicopters are chosen as models for the first application of the CFD approach
for near-miss events based on an actual reported occurrence of a near miss involving
helicopters [1]. The rotation of the main rotor and the translational movement of the
helicopters are realised in the simulation, and the two helicopter models are crossed in
a remarkably close context. The translation is simulated by a moving mesh method, in
particular the moving-grid finite volume (MGFV) method [6]. This satisfies the geo-
metric conservation law (GCL) condition by employing a unified space-time, four-di-
mensional control volume for the discretisation. The moving computational domain
(MCD) method [7] is applied to modelling the helicopters that travel over long trajec-
tories, which allows the complex flow field around moving helicopters to be realised
instead of modelling fixed objects in the context of wind tunnel testing. The MCD
method removes the spatial limitation for simulating objects with long trajectories that
occurs due to computational cost. In this method, a large background mesh is not re-
quired, and thus objects can move freely in a three-dimensional space because the com-
putational domains are moved in line with the motions of an object inside [8, 9]. Con-
ventionally, it was difficult for the MCD method to gain information from outside the
computational domain created for the enclosed object, and therefore the simulation was
targeted at only one object. However, introducing the overset approach to the MCD
method allowed communication between the domains created around each moving ob-
ject [10]. In this study, the flow field variables are communicated between the main
rotor grid and the fuselage grid of the helicopter, which model the rotation of the main
rotor. There is also communication between the flow fields around the two moving
helicopters to represent the flow interaction around them. Using these methods realised
the near-miss flight simulation of helicopters and calculated the aerodynamic forces
exerted on each helicopter during the near miss.
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2 Numerical methods

2.1 CFD solver

The three-dimensional Euler equations for compressible flow are adopted as a govern-
ing equation:

aq+aE+aF+aG_0 o
at  ox dy 9z
where g represents a vector of conserved variables, and E, F, and G denote the inviscid
flux vectors. t indicates time, and x, y, z are the coordinates. This system is closed by
assuming the ideal gas law, where the ratio of specific heats y = 1.4 is used.

Equation (1) is discretised by the cell-centred MGFV method, which uses a unified
space-time, four-dimensional control volume for the discretisation [6, 10], yielding the
following formulae with the variables in the current N step and the next N + 1 step:

4
1 1
qN+1(ﬁt)6 + qN(ﬁt)s + z {qN+7 iy + HN+E} =0
=1 L
H = Ef, + Fii,, + GTl, 2)
11 11
qN+§ = z(qN + qN+1), HNt7 = E(HN + HN+1),

where 7 = [fi,, i, fi,,, i, | represents the four-dimensional outward normal vector of
the control volume. Roe’s flux difference splitting (FDS) [11] is used to estimate the
inviscid flux vector H;, and the MUSCL (monotonic upstream-centred scheme for con-
servation laws) scheme is applied to provide second-order accuracy. The primitive var-
iables of q are reconstructed by the gradient, which is evaluated by the least-squares
approach and Hishida’s limiter [12]. (q7i;); in Eq. (2) is estimated by the following
upwind scheme:

1
(qfiy), = E[q+ﬁt +q 7, — |7, 1(q* — q7)].

Unsteady flow is solved by a pseudo-time approach with the two-stage rational Runge-
Kutta (RRK) scheme for the pseudo-time stepping.

2.2  MCD method

The movement of objects with long trajectories is expressed by the MCD method [7].
Computational domains created around each object move in line with the motions of
the object inside, and therefore this approach makes it possible for objects to move
freely without any spatial limitations. However, because it is difficult for objects to
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obtain information from outside their computational domains, simulating the interac-
tion of flow fields around multiple moving objects is challenging. Therefore, the over-
set approach described in the following section is introduced to allow communication
between the computational domains (Fig. 1).
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Fig. 1. The concept of the MCD method for multiple moving objects

2.3 Inter-grid communication for multiple moving computational domains

The variables of each computational domain communicate in their overlapping region
by applying the overset approach. The implicit hole cutting (IHC) of the overset ap-
proach can be described by the following procedure. First, the cell in the overlapping
partner grid that includes the nodes of the target grid is determined. Here the KD-tree-
based algorithm is used to search for the owner cells. Then, nodes and cells are classi-
fied using the method proposed by Nakahashi [13]. In this method, the node type is
designated by comparing the distances between the node and the object in the target
grid and between the same position in the overlapping partner grid and the object. The
nodes which have shorter distances are designated as active cells and those with longer
distances are designated as nonactive cells. A tetrahedron cell which consists of all
nonactive nodes is a nonactive cell, for which variables are not computed. The cells
which overlap the object of the partner grid are also designated as nonactive cells. Con-
versely, a cell whose nodes are all active is an active cell. The remaining cells are in-
terpolation cells, where the flow field variables are interpolated from the overlapping
partner grid, based on the values of so-called donor cells in the partner grid. The donor
cells surround the interpolation cells. Inverse distance weighing is employed as the in-
terpolation method.
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3 Validation test

The in-house code was validated by comparing the results computed by an unstructured
overset grid CFD solver FaSTAR-Move [14, 15], which was developed by Japan Aero-
space Exploration Agency (JAXA). FaSTAR-Move is not suitable for simulating ob-
jects which travel over long trajectories although it can model the deformation and short
movement of objects by using the overset method. Therefore, in this test, a helicopter
model is placed in uniform flow instead of using the MCD method and moving the
whole model in a three-dimensional space. The computational grids created around the
fuselage are fixed, while the other grids created around the main rotor rotate. The fuse-
lage grid and the main rotor grid communicate with each other using the overset ap-
proach. This validation aims to confirm that the overset approach in the in-house code
accurately interpolates the variables between the overlapping grids.

3.1  Helicopter model

This study used a simplified helicopter model based on the AS-355 helicopter without
the tail rotor. The origin of the body axes used for calculating the rolling, pitching, and
yawing moment is the centre of mass, as illustrated in Fig. 2. The centre of mass was
calculated from the polygons of the fuselage and the main rotor. The fuselage length of
11.2 m was normalised to 1 in the model.

Roll axis

Yaw axis

Fig. 2. Helicopter model

3.2 Computational conditions

A cubic computational domain with a side of 30L was created around the fuselage (Fig.
3a), where the fuselage length is L. Another computational domain was created around
the main rotor (Fig. 3b). 407,079 cells for the fuselage and 151,927 cells for the main
rotor were generated by an unstructured mesh generator MEGG3D [16].
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(b) Main rotor grid

Fig. 3. Computational domains for (a) the fuselage and (b) main rotor

The velocity of the uniform flow is Mach 0.2 in the x direction, as the cruising speed
of the helicopter is assumed to be approximately Mach 0.2. The main rotor and grids
around it rotate counterclockwise at 395 rpm. In this study, the main rotor performs
rotation only.

Table 1 shows the numerical method used in FaSTAR-Move. The numerical method
of the in-house code is given in Table 1, and it is described in Section 2. The boundary
conditions are the slip conditions at the surfaces of the fuselage and the main rotor, the
uniform inflow conditions at the yz-plane of the outer boundary which the helicopter
faces, and the Riemann invariant boundary conditions at the remaining outer bounda-
ries of the fuselage grid. The variables are interpolated from the fuselage grid at the
outer boundary of the main rotor grid unless the boundary cell is a nonactive cell.
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Table 1. Numerical methods used for the validation test

FaSTAR-Move In-house code
Governing equation 3-D compressible Euler 3-D compressible Euler
Advection term SLAU [17] Roe’s FDS
Reconstruction Weighted Green-Gauss Least square
Slope limiter Hishida (van Leer) Hishida (van Leer)

LU-SGS (Lower-upper symmetric

Time integration Gauss-Seidel)

RRK

Inverse distance weighted

Interpolation Tri-linear interpolation interpolation

3.3  Results and discussion

The graph in Fig. 4 depicts the time history of the pressure coefficient computed for the
fuselage surface of the helicopter and compares it with the results provided by FaSTAR-
Move. The position of the main rotor after it rotated for 1.0 s from the beginning of the
calculation was set as 0 deg, and the figure shows the data while the main rotor rotates
three complete rotations from the 0-deg position. Figure 4 indicates that the same trend
can be seen in the pressure coefficient between the in-house code and FaSTAR-Move,
although there is not exact agreement due to the differences of the numerical schemes
and interpolation methods between the two software codes. Three peaks can be ob-
served for one rotation, indicating that the pressure oscillation, which was raised by the
flow generated by the three blades of the main rotor, was captured on the fuselage sur-
face. The characteristics of the oscillation predicted in the present study, in particular
the position and values of the coefficient peaks, are in line with the values predicted by
FaSTAR-Move, instilling confidence that the flow field variables are accurately com-
municated between the overlapping grids in the in-house code.

0.15 T T T T T T T
. . . . . . —— G, (FaSTAR-Move)
R CP (In-house code)
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Fig. 4. Comparison of the pressure coefficients computed with FaSTAR-Move and the in-house

code
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4 Simulation of nearly missing helicopters

4.1  Configurations of the test cases

Two cases were tested in which aerodynamic effects were assumed to be exerted on
helicopters. Figure 5 shows the flight paths in the two cases. In Case 1, illustrated in
Fig. 5a, the trajectories of the two helicopters intersect perpendicularly, where Helicop-
ter 2 passes just behind the trajectory of Helicopter 1. Helicopter 2 flies slightly above
Helicopter 1 to avoid colliding their blades. In Case 2, Helicopter 2 passes horizontally
underneath Helicopter 1, where the trajectory of Helicopter 2 does not pass directly
below that of Helicopter 1 but slightly shifted in the y direction, as depicted in Fig. 5b.

N Helicopter 1
: flight path

@sssssssssssnnnnnnns é ................. %
Helicopter 2
flight path

g
< X
(a) Case 1
|
1
Helicopter 1 :
flight path 1
SR :
—_——— :
...................................... .
Helicopter 2 :
& flight path '
YooX L X

(b) Case 2

Fig. 5. Flight paths of the two test cases
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4.2  Computational conditions

The helicopter model described in Section 3.1 was used for the test cases of nearly
missing helicopters. A spherical computational domain with a diameter of 20L was cre-
ated around the fuselage of each helicopter. Another computational domain was created
around the main rotor, as in Fig. 3b. 350,777 cells for the fuselage and 135,059 cells
for the main rotor were generated by MEGG3D. Two sets were prepared to model two
helicopters, where a set includes the domain for the fuselage and another domain for
the main rotor.

While the validation test involves two computational domains for one helicopter
model, the simulation in this section involves four domains because there are two heli-
copter models. Here, the fuselage domain of Helicopter 1 is defined as Domain 1F, the
main rotor domain of Helicopter 1 as Domain 1R, the fuselage domain of Helicopter 2
as Domain 2F, and the main rotor domain of Helicopter 2 as Domain 2R. The variables
are communicated between Domains 1F and 1R and between Domains 2F and 2R to
model each helicopter. There is also communication between Domains 1F and 2F to
represent the interaction of the flow fields that develop around each helicopter. This
definition is illustrated in Fig. 6, where the domains for the fuselages are shown smaller
and not to scale for the sake of simplicity.

Table 2 shows the initial conditions, where no flow or turbulence is assumed in the
atmosphere in which the helicopters fly. The boundary conditions are the slip condi-
tions at the object surfaces and the Riemann invariant boundary conditions at the outer
boundaries of the fuselage grids. The conditions of the outer boundaries of the main
rotor grids are the same as in Section 3.2. The helicopters engage in translational motion
at a cruising speed of Mach 0.2 in the direction shown in Fig. 5 as modelled by the
MCD method. The main rotors and the grids around them rotate counterclockwise at
395 rpm. The main rotors rotate only. While the actual helicopters lean slightly in the
direction of their travel when they move forward, the simulations in this study do not
model this.

Helicopter 1

Domain 1F

4

Domain 1R

.....

Domain 2F

Domain 2R

Helicopter 2

Fig. 6. Domain definitions used in the near-miss flight test cases
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Table 2. Initial conditions for the simulation of nearly missing helicopters

Whole region

Density (p) 1.0
Flow velocity x component (u) 0.0
Flow velocity y component (v) 0.0
Flow velocity z component (w) 0.0
Pressure (p) ply

4.3  Results and discussion

Case 1. Figures 7 and 8 illustrate the time histories of the aerodynamic coefficients and
moment coefficients calculated for Helicopter 1, while figures 9 and 10 illustrate these
calculated for Helicopter 2. The aerodynamic coefficients are computed with the fol-
lowing equations:

2F, 2F; 2F,

Cp = ,Cs = ,C, =
D py2s’ S T py2s’E T pys

3)

where Cp, Cs, C,, represent the drag coefficient, side-force coefficient, and lift coeffi-
cient, respectively. Fp, Fs, F, indicate the drag, side force, and lift, respectively, which
are the forces exerted on the helicopter in the x-, y-, and z-axes in Fig. 2, respectively.
V denotes the characteristic speed, which in this study is the cruising speed of Mach
0.2. S is the characteristic area, which is represented by the main rotor disk area calcu-
lated using a main rotor radius of 5.35 m. The moment coefficients are computed with
the following equations:

2M, 2M,, 2M,

C = ,Con = ,Cyp = 4
L7 pv2sL’ ™™ T pv2SL’ " T pV2SL )

where C;, C,,, C,, represent the rolling moment coefficient, pitching moment coeffi-
cient, and yawing moment coefficient, respectively. M;, M,,,, M,, indicate the rolling
moment, pitching moment, and yawing moment, respectively. L denotes the character-
istic length, which is the fuselage length.

Figures 7 and 8 show that the aerodynamic coefficients and moment coefficients of
Helicopter 1 do not change during the near miss. This suggests that Helicopter 1 is not
affected by the flow that develops around Helicopter 2 because Helicopter 1 flies in
front of Helicopter 2, where the flow field around Helicopter 2 does not develop.

On the other hand, Fig. 9 shows that the aerodynamic coefficients of Helicopter 2
are disturbed between 0.4 s and 0.8 s when it passes behind Helicopter 1. In particular,
while the drag and side-force coefficients do not undergo a notable disturbance, the lift
coefficient in Fig. 9 suggests that Helicopter 2 loses lift for approximately 0.3 s during
the near miss. Figure 11 depicts the flow velocity z component distribution at 0.55 s in
the xy-plane in the middle of the fuselage of the helicopters when the lift coefficient
decreases noticeably. This indicates that Helicopter 2 flies into the area where the main
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rotor of Helicopter 1 generated a downward flow in the z direction. This flow field
makes it difficult to create the ample pressure difference for obtaining the lift.

There is also a disturbance in the moment coefficients of Helicopter 2 in Fig. 10. The
area through which Helicopter 2 passes during the near miss develops a complex flow
field, with a spiral downward flow generated by the main rotor of Helicopter 1 as well
as the flow that Helicopter 1’s movement generates in the x direction. Helicopter 2 it-
self also creates its own flow with its movement and rotating main rotor. The interaction
of their complex flow field affects the moment coefficients of Helicopter 2.

Case 2. Figures 12 and 13 illustrate the time histories of the aerodynamic coefficients
and moment coefficients calculated for Helicopter 1 with Eq. (3), while figures 14 and
15 illustrate these calculated for Helicopter 2 with Eq. (4).

Analysing the graphs, we can see a disturbance in the moment coefficients of the
two helicopters, but they do not experience a significant disturbance. However, a key
point revealed by the graphs is that both helicopters lose their lift during the near miss.
Moreover, the lifts decrease for approximately 0.4 s, which is longer than that of Heli-
copter 2 in Case 1. Figure 16 depicts the flow velocity z component distribution at 0.5
s in the xy-plane in the middle of the fuselage of Helicopter 2. This figure indicates that
both helicopters are affected by the flow generated by each other during the near miss,
which results in the decrease in the lift coefficient of not only Helicopter 2 but also
Helicopter 1. In addition, the helicopters just fly in the complex flow field due to their
trajectories. Since Helicopter 2 in Case 1 only passes perpendicularly through the com-
plex flow field generated by Helicopter 1, the lift recovers faster than in Case 2.

5 Conclusions

This study computationally demonstrates two helicopters and examines the aerody-
namic effect exerted on them during a near miss. The MGFV method is applied to the
moving mesh to represent the motion of the helicopters. The long trajectories of the
moving helicopters are successfully modelled by the MCD method. The flows gener-
ated by the rotating main rotors, as well as the flow interaction around the helicopters,
are achieved by applying the overset approach, which allows the communication of the
moving computational domains. In the validation test, the results computed by the in-
house code are in agreement with those of FaSTAR-Move, confirming that the flow
field variables are accurately interpolated between the overlapping grids in this study.
In the near-miss flight test case where two helicopters pass each other perpendicularly,
the lift of Helicopter 2, which flies behind Helicopter 1, decreases. On the other hand,
in the case where Helicopter 2 passes horizontally underneath Helicopter 1, the lift de-
crease occurs for both helicopters. The disturbance is observed in the moment coeffi-
cients in both cases. These results show that the complex flow field around nearly miss-
ing helicopters is realised although this study uses a simplified model, indicating that
this CFD approach is capable of simulating near-miss events involving aircraft. Future
work will introduce the function of each component of aircraft and study the reaction
to the flow field in a near miss as well as the suggested manoeuvring.
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Fig. 11. Flow velocity z component distribution at 0.55 s (Case 1)
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