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The paper presents the results of the simulation of unsteady turbulent flow generated by
helicopter main rotor in the presence of the fuselage with an emphasis on the analysis of the
influence of the fuselage on the rotor-induced flow and the rotor-generated acoustic field. The
Reynolds-averaged Navier—Stokes equations with the Spalart—Allmaras turbulence model are used
to simulate the Caradonna—Tung rotor and ROBIN fuselage interaction in hovering flight. The
governing equations are discretized using the vertex-centered control volume method on mixed-
element unstructured meshes with the sliding mesh technology to treat the rotor. The acoustic
field generated by the rotor+fuselage interaction is comparatively analyzed against the case of an
isolated rotor. It is found that the presence of fuselage significantly changes the rotor-generated
acoustics. In particular, the presence of the fuselage noticeably distorts the directivity of acoustic
radiation and increases the overall sound pressure level under the fuselage up to 20 dB, emphasizing
the importance of the influence of fuselage on the helicopter acoustics.
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Introduction

A growing number of publications focusing on the influence of fuselage on the helicopter
rotor aerodynamcis demonstrate the importance of the subject. Recently, due to increasingly
stringent International Civil Aviation Organization (ICAQO) requirements on the permissible
noise levels produced by aircrafts, including helicopters, the focus of research has shifted from
rotor aerodynamics to the acoustics generated by the rotor in the presence of fuselage . The
simulation of the acoustics of the entire helicopter including the fuselage presents a challenge as
it requires substantial computational resources and efficient parallel algorithms.

Due to significant difference in the relative fuselage and blade velocities the aerodynamic
noise generated by the flow around fuselage is negligible compared to the sound of helicopter
rotor. However, the fuselage can strongly influence the rotor acoustics and its directivity dia-
gram. This paper focuses on the numerical investigation of the influence of a fuselage on the
tonal acoustics of the helicopter main rotor. For that purpose a higher-accuracy method for
aeroacoustic simulations of rotor-fuselage interaction is developed.

The hovering helicopter flight is modelled by the Caradonna—Tung rotor and ROBIN
fuselage , scaled to be compatible with the rotor radius. The choice of the helicopter
model is motivated by the availability of detailed geometrical descriptions, experimental results,
and prior experience simulating these separate cases .

When developing a method for numerical simulation of rotor-fuselage interaction the ap-
proach should be capable of modeling flows in the presence of both stationary and mov-
ing/rotating objects. The flow over an isolated helicopter rotor can be easily simulated in a
non-inertial reference frame associated with the rotor using non-deformable fixed com-
putational mesh. The simultaneous presence of moving (helicopter rotor) and stationary (fuse-

lage) components makes it impossible to use a mono-block mesh. A standard solution is to
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use sliding meshes, i.e., the decomposition of mesh into two or more subdomains with sliding
non-overlapping interfaces one of which (the one containing the fuselage) being stationary in ab-
solute reference frame while the rest of them rotating with rotors. In the present work, we exploit
this approach placing the main rotor into the rotating puck-shape subdomain. Despite the fact
that the approach is widely used , the application of vertex-centered higher-accuracy
schemes brings additional difficulties in approximating the fluxes at the sliding interfaces. To
handle this problem, an earlier developed technique presented in is used.

In this work, turbulent flow over an isolated rotor and a rotor interacting with a fuselage
in hovering flight including the near field acoustics for both cases is considered. The results are
compared, and the influence of the fuselage on the acoustic field is evaluated.

The paper is organized as follows. In Section the problem of fuselage influence on the rotor
tonal acoustics in hovering mode is formulated. The geometry of both components (i.e., the rotor
and fuselage) are described, all the physical parameters are given. The governing mathematical
model, the numerical methods in use and the computational set-up are presented in Sections
andrespectively. Sectionis devoted to the discussion of the obtained numerical results and
to their comparative analysis. The concluding remarks and the acknowledgements are given at
the end of the paper.

1. Problem Formulation

Turbulent flow over two-component configuration, consisting of two-bladed rotor and scaled
fuselage model (Fig.|1) is considered. The rotor is modelled by the widely known Caradonna—
Tung model , while the fuselage is approximated by the scaled version of ROBIN fuselage

model .
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(a) Rotor and fuselage geometry (b) Rotor and fuselage surface mesh
Figure 1. The case geometry and surface mesh

The rotor radius is R = 1.143 m. The blades are based on the NACA 0012 airfoil and
are untwisted and untapered. The blade chord is 0.1905 m and the collective pitch angle is 8°.
A length of the ROBIN fuselage is scaled to 2R. The distance between the rotor plane and
the fuselage center of mass is 0.35 m. The gap between the fuselage pylon top and the rotor
plane is about 0.125 m. The hovering flight is considered with the rotor rotation frequency
650 RPM, corresponding to the tip velocity 77.8 m/s. The Reynolds number defined in terms
of rotor radius, tip velocity, the reference density pg = 1.2046 kg/m?, and molecular viscosity
po = 1.8148 x 107> Pa - s is Re = 5.9 x 106,

In addition to the aerodynamic characteristics, the pressure pulsation is measured in three
sets of probes, namely the probes azimuthally distributed with angular step 10° in three planes
including the rotor rotation plane (Fig.. The distance from each point to the rotor center is
2R.
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Figure 2. The sets of probes for acoustic field measurements: red — XY plane, green — XZ plane,
blue — YZ plane

2. Governing Equations

The turbulent flow over the helicopter rotor is modelled by the unsteady Reynolds-averaged
Navier—Stokes (RANS) equations with the closure model following the Boussinesq hypothesis. To
simulate the turbulent flow near the rotor or rotor interacting with fuselage, the computational
domain is decomposed in two subdomains, namely, a fixed subdomain considered in the absolute
frame of reference (AFR) and a subdomain in the rotating frame of reference (RFR) that includes
the rotor. The rotation velocity of RFR is taken equal to the angular velocity of rotor such that
the rotor stationary in this frame of reference. In the fixed subdomain, the flow is governed by
the RANS equations written in the AFR. To simulate the flow over the rotor, the unsteady
RANS equations written in the RFR with the angular velocity w in terms of velocity vector
defined in the AFR are solved. Both systems are closed by the Spalart—Allmaras turbulence
model governing the evolution of effective coefficient of turbulent viscosity. The unsteady
RANS equations both in the AFR with w = 0 and the RFR with w # 0 have the following form:

gf-l—divp(u—V) =0,
a'.;u—FDivp(u—V)@u—}-Vp:DivP—p(w><u),

2 M
%%—divp(u—V)E—Fdivup:divq—kdiqu7
%+divp§u:Dl,+G,,—Yy,

where u is the velocity vector, p is the density, £ = “72 + ¢ is the total energy, € is the specific
internal energy, p is the pressure defined by ideal gas equation p = (y — 1) pe, v = 1.4 is the
specific ratio, d is the distance to the solid wall. In the system V denotes the linear tangential
velocity defined as w X r where r is the radius-vector. P is the viscous stress tensor defined by
the strain rate tensor S according to the Boussinesq hypothesis in the following way:

1 0u; 1 /0u; Ou;
Pi':2e i‘_fizi' ) i = 5 : . )
J H 17 <Sj 36.%1'5]) Sj 2 <8.%'J + 8%)
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where the effective viscosity coefficient p.r; equals to the sum of the coefficient of molecular
viscosity p and the turbulent eddy viscosity pr. Vector q defines the internal energy flux a

_ Hefy Of
qi = )
vPr Ox;

where Pr = “”}\401’ is the Prandtl number.

The coefficient of molecular viscosity u is prescribed by the Sutherlands law

3
To+S (T2
= — S =120°K
n=mpg (7)) ,

where pg and Ty are the molecular viscosity and the free stream temperature.

The last equations of system describe the evolution of the variable 7 used to calculate
turbulent eddy viscosity pur = pfi1v. A specific form of the terms D,, GG, and Y, describing
the diffusion, turbulence generation and turbulence destruction as well as the definitions of the
damping function f,; and corresponding constants can be found, for instance, in .

For further considerations, it should be noted that, from the standpoint of an observer in the
stationary frame of reference, the system of equations 1b describes the evolution of conservative
variables due to their transport in the rotating (with velocity V) media, the pressure gradient
and the velocity vector turn to the angle equal to wt (implemented by the term — p (w x u)
in the momentum equation). Note that in the numerical implementation of this system, the
rotation velocity can be interpreted as the velocity of moving mesh.

To simplify further approximation within finite-volume approach, the system of Reynolds-
averaged Navier—Stokes equations can be written in the following vector form with respect

to the vector of conservative variables Q = (p, pu, E, pv)”:
3}
DV (7@ - FQ - FP(QVQ) =8(Q VQ). )

System includes the composite vectors F¢, F® and FP, each component of which FZC ,
FlR and FZD in coordinate direction xz; (¢ = 1,2, 3) represents the convective transport, rotation
transport and diffusion flux vectors, respectively. Operator (V-) is the divergence operator.

The convective transport, rotation transport and diffusion flux vectors are given as a function
of the physical variables p, u, p, 7 and their gradients

F$ (Q) = (pui, puju + pl, (E + p) ug, piw;)”
FI(Q) = (oVi, puiV, EV;, pi Vi),

3 NN
F’(Q,VvQ) = <O>Pi1;Pi27Pi3aPijUj +ai g (1 + pv) 8:0) )
7

where I — is the identity matrix.
Vector S (Q,VQ) is a source term describing the influence of the external forces that are
not related to the transfer processes of the target variables Q:

$(Q.VQ) = (0.p(w x w),0.G,(Q,YQ) ¥, (Q,vQ) + 225 vp)

2We consider polytropic gas, so the specific heat ¢y does not depend on temperature and, consequently, the
internal energy is a linear function on temperature, i.e., e = cyT.
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Here ¢p2 = 0.622 and o = 2/3 according to the . Note that the definition of diffusion term
D, of the Spalart—Allmaras equation uses the square of the gradient of variable v which is of
non-divergent form. Due to the last detail, we include this term to the source in the conservation

law .

3. Numercial Method

The space discretization of the Navier—Stokes equations is based on the vertex-centered
formulation implying that all the variables are defined at the vertices of hybrid unstructured
mesh. The mesh vertices are the centers of the dual mesh cells. The approximation of the
convective fluxes of the Navier—Stokes equations is built within the finite-volume approach. A
cell of the dual mesh serves as control volume for which the discrete conservation laws are written.
Thus, each control volume contains only one mesh vertex and belongs to the agglomeration of
mesh elements containing this vertex.

Note that the mesh in each subdomain in corresponding reference frame is considered sta-
tionary, i.e., a geometry of each mesh element and respective control volume are fixed in time.
Since the rotating subdomain is described in the RFR, the mesh there is also fixed and rotates
with the rotor as a single entity.

The Navier—Stokes equations are approximated using the integral form of these equa-
tions. The integral form of the system for the control volume (or computational cell) K;
associated with the vertex ¢ in the vertex-centered formulation can be written in the following

form:

aQ C(0)-n—(V-n _
/K G /d F@m (v Qs .,
V-fD<Q,VQ>dV+/ $(Q.VQ)dV.

OK; 0K

where 0K is the boundary of control volume (or cell) K;, n is the unit external normal to the
boundary 0K;.

Let |K;| be the volume of computational cell, 0K;; = K; N K is the common part of
boundaries of cells K; and K; (or segment), Ny (i) is a set of nodes neighboring to the vertex
i, Q; is the integral average of variable Q on the cell K;. The approximation of the convective
part of the Navier—Stokes equations can be considered as an approximation of the Euler

equations written in a form of conservation laws:

d@z 1 C C
= _ F n— (V- ds = F-n— (V- d
dt | K| aKi( @ n-(V-m)Q) je%;(i)/al%( oo (Vo) Q)ds

JEN1(3)

where h;; (ij, QS) is the numerical flux approximating the flux through the square of segment
O0K; on the base of Godunov-type schemes, and |n;;| is the absolute value of oriented square of

segment

nz-j :/ ndsS. (4)
0K;;
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The normal velocity of rotation (or, the velocity of moving mesh) is approximated an average

on the segment as
1

nij| Jok,,

Vij = V -ndS. (5)
The value of variables Qf/ R taken from the left and right from segment 0K;; are determined
by the quasi-one-dimensional edge-based reconstruction on the extended stencil that
results in increasing the accuracy order of approximation of convective fluxes. The extended
stencil contains 2n + 1 points, and not all of them coincide with the mesh nodes. In the last
case, the values in such points are found by the linear interpolation on the corresponding faces
of mesh elements which have the intersection with the straight edge ij — containing line.

The approximation of viscous fluxes given by the volume integral [, oK, v.FP (Q,VQ)adVv
in the Navier—Stokes equation is implemented by the Galerkin method basing on the linear
polynomials. The integral of source term S in the system (3) is approximated as a volume average
as

| s@vQdv~KIS(Q.(vQ),),

where the derivatives of variables (VQ), including to the source S are approximated by the
discrete nodal gradients defined as a weighted sum of gradients on the mesh elements having
the common vertex in node ¢ .

The time integration is carried out using the implicit three-layer scheme of the second ap-
proximation order followed by the Newton linearization of the space-discretized equations. At
each Newton iteration to solve the system of linear equations we use the stabilized method of bi-
conjugate iterations (BICGSTAB) . The details of this approach and its usage in simulations
are discussed in .

The presence of the stationary fuselage and the rotating blades results in the necessity to use
two mesh blocks containing stationary and moving objects correspondingly and, consequently,
to provide a proper interaction between these blocks.

A standard solution in this situation is the usage of sliding meshes, i.e., the decomposition
of the mesh in two or more subdomains, one of which is at rest in the AFR while the rest of
them rotate with the rotors they contain.

For the element-centered finite-volume methods assuming the variable averaging over un-
structured mesh elements, the formulation providing the mesh sliding can be written without
significant loss of accuracy. For the vertex-centered schemes assuming the variable averaging
over dual cells, it is much harder to develop a method without any loss of accuracy on the
interface. For the vertex-centered schemes for unstructured meshes in the general case, there is
no known solution capable to preserve the high accuracy on sliding meshes. Nevertheless, a loss
of accuracy can be compensated by a better scheme resolution and local mesh refinement near
sliding interfaces. The following two versions of sliding mesh interfaces have been developed:

e interface separating fixed and rotating mesh blocks is plane (for instance, a circle, an

annual segment or a plane);

e interface separating fixed and rotating mesh blocks is a lateral surface of a finite straight

round cylinder.
As a result, the rotating domain can be a finite straight round cylinder that includes both
possible types of interface, or, in other words, can have a puck-shaped configuration. Within the
developed approach, the control volumes (dual cells) are built in a way that the agglomerations
of cells in the fixed and rotation subdomains do not overlap and have the curvilinear sliding

2022, Vol. 9, No. 4 105



Numerical Study of Fuselage Impact on Acoustic Characteristics of a Helicopter Rotor

surface as the only common part. The cell faces belong to the lateral surface and thereby have
its curvilinear shape. After the dual cells are defined, we calculate the values of n;; and V;;
following the formula and 1) with account for possible curvilinear shape of the cell faces.

4. Computational Set-up

As it is mentioned above, two types of simulations are performed, namely, the simulation
of the isolated rotor in the cylindrical rotating region with the sliding interface (rotor simula-
tion (RS)) and the simulation of the same rotor supplemented by the fuselage (rotor-+fuselage
simulation (RFS)).
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(a) overall view (b) fuselage mesh
Figure 3. The unstructured mesh used in RFS case

For all the simulations, we build the mixed-element unstructured mesh consisting of tetra-
hedrons, prisms, pyramids and hexahedrons. In all the cases, the rotor surface mesh and the
boundary layer prismatic mesh is the same, and the first surface cell height is chosen to meet
the y™ < 1 criteria. The sliding meshes represent two topologically separated mesh blocks: the
outer fixed unstructured mesh block (Fig. and the inner rotating unstructured mesh block
containing the rotor (Fig.. The rotating puck-shaped domain is a cylinder with radius 1.5 m
and height 0.3 m. The maximum size of the mesh element inside the rotating region is limited
by 15 mm. The computational domain in both simulations is a cylinder with radius 30 m and
height 60 m. The mesh sizes for both cases are represented in the Tab.

Table 1. Computational mesh sizes

Case Number of nodes Number of cells
RS 6820497 21360814
RFS 7156 503 21773730

The height of the mesh elements in the location of acoustic probes (see Sec.|1) is 8-10 cm
that well resolves the BPF frequencies.
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5. Numerical Results

5.1. Aerodynamic Characteristics of Isolated Rotor

The aerodynamic characteristics of Caradonna—Tung rotor in hover simulated in the RFR
were predicted in our previous work . The results showed a good agreement with the exper-
imental data for pressure coefficient distribution and the tip vortex trajectory. Here we validate
the AFR with sliding mesh approach on the same cases and obtain practically the same good
results with respect to the available experimental data. Figure [4| demonstrates the pressure
coefficient distribution in a set of the rotor blade sections.

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 06 08 1.0
L L L L L L
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Figure 4. The pressure coefficient distribution: RS simulation in AFR vs. the experiment

5.2. Simulation of Turbulent Flow near Rotor+Fuselage Configuration

The flow field obtained in the RS presents a typical axial flow near a helicopter rotor
(Fig. . The figures show the flow field and the wake behind the hovering rotor. The flow
downstream the rotor is symmetrical as expected for the hovering mode. Besides, one can notice
the slow vortex near the blades roots. The maxima of the velocity magnitude corresponds to the
region of tip vortices with the downstream shift to the rotation axis.

V| 0051152253 3544555566577588509 9510 V| 0051152253 354455556657 758859 9510

(a) RS case (b) RFS case
Figure 5. The velocity magnitude field with streamlines in YZ section

Figureshows that presence of the fuselage strongly affects the flow structure downstream
the rotor. The flow becomes asymmetrical, and the most significant impact is the induced
flow slowdown under the fuselage. The vorticity field indicates the intensive vortex shedding
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downstream the fuselage body and the effect of interaction between the rotor tip vortices with
the fuselage nose and its tail boom (see Fig..

2]
9.23E401
6.22E401
451E+01
2.93E+01
2.00E401

3.01E-01

(a) RS case (b) RFS case
Figure 6. The vorticity magnitude field with streamlines in YZ section

As seen Fig.with the Q-criterion visualization, both RS and RFS capture two revolutions
of the wake spiral downstream the rotor.
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(a) RS case (b) RFS case
Figure 7. The velocity magnitude field with streamlines in YZ section and the Q-criterion iso-

surface colored in the vertical flow velocity

5.3. Impact of Fuselage on Rotor Acoustics

The acoustic characteristics estimated basing on the simulation results are the spectra of
pressure pulsation in the probes, and the directivity diagrams of blade passing frequency (BPF)
sound pressure level (SPL) and overall sound pressure level (OASPL). The OASPL is determined
by the pressure pulsations spectrum P(x, f) in the particular probes. The pressure pulsation
spectrum is given by the Fourier transform of the function p(x,t) normalized by the quantity
po =2 x 107° Pa:

+o0 )
Pl = [T sy,
27 —00 Pbo
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The total energy of the spectrum is calculated as the integral of the spectral power S (x, f) =
P2 (x, f): as

B (x) :/S(x,f)dt,

where the integration is performed over all the resolvable frequencies. The OASPL measured in

decibels is found by the formula

All the spectra presented are built using the fast Fourier transform on the probes pressure
signals with 2 Hz sampling frequency.

It should be noted that RANS method used in paper is capable to capture only the tonal
acoustics, i.e., the acoustic harmonics at BPF and its multiples. In the setup for two-bladed
rotor at 6560 RPM, the BPF value is 21.6 Hz. The obtained spectrum of pressure pulsation in
the probes confirms that the peak tonal frequencies are reached at the multiples of BPF (see
Fig. . As expected, in plane XY of the rotor rotation the amplitudes of pressure pulsation in
all the probes at BPF and its multiples have the same values (see Fig.and Fig..
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Figure 8. The pressure pulsation spectra measured in the probes obtained in RS
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Figure@shows the directivity diagram of first BPF SPL in absence and presence of the
fuselage at three orthogonal planes. The fuselage impact on the near-field acoustics is clearly
seen. It should be noted that for the isolated rotor in hovering mode the pressure pulsation
measured at the rotation axes must be zero theoretically. In our case, it is not so (it is about
40-45 dB) solely because of the asymmetric computational setup. This fact is confirmed by our
simulation of a single blade with the periodicity condition in azimuth where it is really zero
(see ) The presence of the fuselage makes the configuration asymmetrical and it results in
a slight asymmetry in the directivity diagram in planes XZ and YZ near the rotation axes. A
noticeable SPL increase in comparison with the case of isolated rotor is also detected there.
One can see up to ~ 7 dB amplitude growth at the £20° direction from the rotation axis in
YZ plane and ~ 7 dB increase at azimuth 260° < ¢ < 290° in XZ plane. The difference in the
directivity diagrams of first BPF SPL in the cases of isolated rotor and rotor with the fuselage
is insignificant for the rest of azimuths.

Figuredemonstrates the directivity diagram of OASPL in absence and in presence of the
fuselage in different planes. The asymmetry of the OASPL diagram in X7 and YZ planes due to
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1st BPF (XY plane) . —isolated rotor 1st BPF (YZ plane) .~ isolated rotor 1st BPF (XZ plane) |~ isolated rotor
90 rotor with fuselage 90 rotor with fuselage 90 rotor with fuselage
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- 7 i T i
“70% 2040 €0 a‘ L @ 2 do 0 a‘
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(a) XY plane (b) YZ plane (¢) XZ plane
Figure 9. The directivity diagram of first BPF SPL

the fuselage presence becomes stronger in comparison with BPF SPL measurements. The OASPL
near the rotation axes increases even more which can indicate a greater contribution of multiple
frequencies. In YZ plane, the maximum difference observed on the azimuth 220° < ¢ < 300°
and it reaches ~ 20 dB. In the XZ, plane the maximum difference observed on the azimuth
240° < ¢ < 300° and it reaches ~ 19 dB. Most likely, the reason of this OASPL symmetric
growth is the blade interaction with the fuselage nose and tail boom at the azimuthal blade
positions near 180° and 0° respectively (see Fig. that results in strengthening of scattering
effects and, consequently, of acoustic radiation at multiple frequencies. In particular, it is seen
that the azimuthal size of deformation of the directivity diagram is directly linked with the

azimuthal size of the fuselage (see Fig. .

OASPL (XY plang) .~ isdlaedrotor OASPL (YZ plane) , T isdlaedrotor OASPL (XZ plane) , T isdlaedrotor
90 rotor with fuselage 90 rotor with fuselage 90 rotor with fuselage

60° 60° 120° 60°

150°

e 00 180°
~ 20 40 60 80 |10
OASPL (dB)

T 1 T 1 0°
20 40 60 80/ 100
OASPL/ (dB)

330° 210° W . oy q X o 330°

270°

(a) XY plane (b) YZ plane (¢) XZ plane
Figure 10. The OASPL directivity diagram

Conclusion

The paper presents the results of numerical simulation of tonal noise generated by the heli-
copter rotor and, which is more interesting, evaluates the impact of the fuselage on the generated
acoustic field. It is shown that the presence of fuselage may significantly strengthen the acoustic
radiation in the direction towards the ground and noticeably deform its directivity diagram. In
particular, the most significant influence of the fuselage is detected at the probes in the low
half of the diagram measured at two radiuses from the rotor center in vertical planes where
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the OASPL growth reaches 20 dB. The discovered phenomenon of the possible amplification of
acoustic radiation towards the ground due to the presence of the fuselage is of great importance
for controlling the sound level generated by the helicopter. This result undoubtedly requires
further study, and its thorough verification and validation.

The considered configuration “main rotor + fuselage” is an example of problems that are
difficult to study in detail in wind tunnels. Field experiments related to the determination of
the acoustic properties of entire helicopters are expensive and associated with the difficulties of
accurate measurements in real operating conditions. In this situation, computational experiments
may be in high demand. However, a natural obstacle on this way is the large computational
resources required to compute such problems. This difficulty can be overcome or significantly
mitigated by using modern high-performance systems with high efficiency, provided, for example,
as in this work, by the efficient heterogeneous CPU + GPU parallelization model. The benefit
of using HPC systems is further enhanced by the usage of higher-accuracy numerical methods
and well-tuned mathematical models to accurately predict unsteady turbulent flows along with
the generated acoustic fields.
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