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Abstract
Until recently vibrations in helicopters could only be measured or anticipated with high levels of uncertainty.
This changed when tools focused on coupling started to emerge offering to combine both state-of-the-art
fluid and structural dynamics solutions. This enables to predict the fluid-structure-interactions in the design
phase which is an invaluable addition to the engineer’s toolbox. The presented work shows the results of a
tightly coupled CSD-CFD simulation of a helicopter in forward flight. The trimming process is shown and fol-
lowed by an analysis of energy distribution across the modes. The aerodynamic origins of the excitations are
investigated based on the pressure distribution and vortex visualization. The influence of a detailed gearbox
to the CSD model is estimated by comparing the results from two different CSD models.

1. INTRODUCTION

Over the years, vibration prediction in helicopter de-
sign has proven to be a difficult task. The nature of
helicopters requires the accurate prediction of both,
structural dynamics and aerodynamics to capture the
character of the vibrations. Both, high fidelity struc-
tural and aerodynamic domains require significant
computational resources, and the multidisciplinary
nature of the problem requires collaboration between
experts in both fields. Many researchers have tackled
the vibration problem, but only recently have vibra-
tions been accurately predicted in Ref. 1 after dec-
ades of continuous progress in aeromechanics and
high-performance computing.

Various mechanical systems have been developed to
combat extensive vibrations. These solutions ena-
bled researchers to significantly reduce the accelera-
tions perceived by the crew. From the 1960s to 1980s
they decreased from 0.4g to as low as 0.1g as shown
in Ref. 2. Unfortunately, the frequency range of
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and structural dynamics models to predict fluid-struc-
ture interaction. Therefore, the representation of
physics in CAMRAD Il is less accurate than modern
computational fluid dynamics (CFD) and computa-
tional structural dynamics (CSD) approaches. How-
ever, CAMRAD II's major advantage is its low com-
putational cost and the speed of the analysis. Both
are very valuable in the design phase where tens or
hundreds of designs need to be evaluated. General
airframe vibration characteristics could be predicted
and the addition of a coupled simulation to the design
toolbox proved successful.

An accurate CSD model is still required as an input.
The model should include an accurate representation
of the airframe, gearbox, and a load path between
them. The presented requirements can lead to un-
practical size and complexity of the model. As a re-
sult, various techniques have been developed to re-
duce the degrees of freedom, and consequently the
complexity of the model. Those techniques allow ac-
curate prediction of the dominant phenomena at rela-
tively low computational cost.

In parallel with the CSD, the aerodynamics commu-
nity has continued to further develop CFD. The
unique flow characteristics of helicopters, such as the
wide range of Mach numbers, separation, reverse
flow, and vortex interactions, pose significant difficul-
ties for the CFD solver. Codes specializing in helicop-
ter aerodynamics began to emerge - such as FLOWer
described in Ref. 5. Continuous development of
FLOWer also introduced deformable geometries and
an interface between various tools commonly used in
the industry, allowing for trimming of the flight state.
The CFD solver also takes advantage of paralleliza-
tion which leads to efficient use of high-performance
computing.

All the mentioned advancements lead to the state-of-
the-art coupled simulation where for the first time tail-
shake was predicted, see Ref. 1. The simulation cou-
ples high-fidelity CFD and state-of-the-art CSD to ob-
tain a time-resolved solution. The results were vali-
dated against flight test data with good agreement be-
tween the two data sets. This method allows to test
various designs at reasonable computational effort
which proves invaluable in understanding the helicop-
ter’s vibrations, in order to develop appropriate coun-
termeasures.

The present work builds on the aforementioned state
of the art coupled simulation. For a tailshake predic-
tion, the low frequency range is of most importance.

The main excitation source is the wake impinging tail
boom and tail planes, so the vibrations coming from
the main rotor and the elasticity of the gearbox are of
low importance. This requires an accurate airframe
model, but the gearbox can be simplified. On the
other hand, the gearbox is expected to be an im-
portant component in cabin vibration prediction as
found in Ref. 6. In the presented case, a detailed
gearbox has been added to the CSD model allowing
not only the tailshake to be predicted, but also the
cabin vibrations and rotor hub displacement. The in-
fluence of the detailed gearbox will be presented.

2. FLIGHT STATE AND SIMULATION TOOLS

The helicopter selected for this study is an experi-
mental configuration. It uses experimental BK117 air-
frame combined with a new rotor design described in
Ref. 7. The setup was designed as a proof of concept
for the GRC1 rotor which consists of five bearingless
blades.

The research is focused on a fast forward flight de-
noted as TOP35. The advance ratio u is equal to 0.31.
The fast forward flight includes the effects of the
asymmetric inflow combined with separation on the
retreating blade and Mach number effects on the ad-
vancing side. This leads to a high nonuniformity of the
flow field, resulting in an increase in vibration levels
as shown in Ref. 2.

2.1. CFD solver

The CFD code used in this study was developed at
the German Aerospace Center (DLR) and is called
FLOWer. It is a structured Reynolds-averaged Na-
vier-Stokes (RANS) finite volume code. The SST k-w
turbulence model is used to close the RANS equa-
tions. The equations are integrated over time using
an implicit dual time stepping algorithm according to
Jameson, (see Ref. 8). Throughout the years, the
code has been continuously improved at the Institute
for Aerodynamics and Gas dynamics (IAG) at the Uni-
versity of Stuttgart. Recent improvements that are key
to coupled simulations include:

* 5th order spatial WENO schemes,

» grid deformation calculated using radial basis
functions (RBF), and

* implementation of engines inlet and outlet
boundary conditions with temperature distri-
bution and swirl.

The increased order of spatial resolution helps to re-
solve finer turbulence structures and reduces their



dissipation. This leads to more uniform distribution of
the energy across the frequency range as the finer
structures carry energy in the higher frequency range,
see Ref. 9. The grid deformation based on RBF func-
tions ensures that the surface remains smooth and
free of any mesh errors and, as stated in Ref. 10, in-
cluding the engine wake and inflow is crucial in tail-
shake predictions.

The helicopter's control angles and attitudes are con-
trolled by an external trimming tool, here CAMRAD II.
FLOWer has been modified to include not only the
rigid body motions extracted from CAMRAD II, but
also the main rotor blade deformations. This ensures
that a proper flight state is maintained in the compu-
tational domain. Additionally, the structured mesh is
split into smaller blocks, which leads to good scaling
with the number of compute cores.

2.2. CSD solver

The deformations of the structure are calculated us-
ing a 2" order Newmark integration method de-
scribed in Ref. 11. The solver assumes a linear vari-
ation of acceleration between time steps and is con-
sidered unconditionally stable for linear problems. It
is embedded in the CFD code, which means that the
memory is shared between the solvers. This signifi-
cantly reduces the complexity of data exchange and
takes advantage of code scaling. The solution is com-
puted in modal space, allowing flexibility in the CSD
modelling. Any order reduction scheme can be used
to decrease the size of the problem. The inputs to the
solver include mass, stiffness, and mode shape ma-
trices. These can be obtained from any FEM software
that offers export of real eigenvalue analysis results.
For NASTRAN an automated pre-processing frame-
work is available which extracts the required data
from an output file. The final input required is the CSD
mesh file which is used by an automated pre-proces-
sor to map the CSD and CFD meshes. The mapping
is then sent to FLOWer, which applies the calculated
CFD loads to the nearest CSD node at each time
step.

2.3. Structural coupling

In general, two types of coupling can be distin-
guished: partitioned and monolithic coupling. The
monolithic scheme combines both fluid and structure
equations into a single solver. The order of the
method is dependent on the chosen time integrator.
Monolithic codes can be considered as the ideal cou-
pling schemes, but their validation and

implementation prove to be challenging or not possi-
ble at all. The equations describing simultaneously
the structure and fluid dynamics quickly become com-
plicated and require simplifications, which therefore
usually restrict the equations to a narrow field of ap-
plications. The software also lacks modularity and
can be difficult to integrate into a toolbox. Reference
12 gives an overview of the advantages and disad-
vantages of monolithic codes.

The more popular type of coupling uses partitioned
schemes. These consist of separate solvers special-
izing in their own subset of the problem. This ap-
proach is easier to implement as often out-of-the-box
software can be coupled together. This limits the de-
velopment effort required to prepare an interface be-
tween the two tools. The flexibility of the solver choice
is valuable since popular and validated solvers can
be coupled, which makes their implementation easier
and potentially useful for more cases.

Partitioned schemes usually follow staggered algo-
rithms during the simulation run. A typical staggered
algorithm is shown in Figure 1. For a CSD/CFD cou-
pled simulation the steps are as follows:

1) calculate the current CFD time step,
2) transfer the resulting loads to the CSD tool,
3) solve the CSD equations of motion,

4) transfer the deformation to the CFD and deform the
mesh.
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Figure 1 Gauss-Seidel algorithm. Figure adapted
from Ref. 1

This staggered algorithm is called Gauss-Seidel algo-
rithm or commonly “ping pong”. The downsides of this
algorithm include a low order of time accuracy and
poor numerical stability. However, Ref. 12 shows ex-
amples of second-order time-accurate coupling using
the partitioned method.

The mentioned “ping-pong” algorithm is used here to
couple CSD and CFD solvers. In this coupling



scheme, the data exchange occurs at every time
step, and it is common to refer to such workflows as
strong coupling amongst the rotorcraft community.
One cycle represents one physical time step, leading
to the deformation being delayed by one time step. In
Ref. 1, the author estimates the resulting phase error
to be less than 8 degrees for the higher frequency
modes and less than 1 degree for the lower frequency
with time step of 1 degree of MR azimuth.

2.4. Trimming

To accurately model the loads applied to the struc-
ture, a trimmed flight state must first be calculated. A
partitioned loose coupling interface known as Hel-
iICATS was used for this task. The tool uses the com-
prehensive analysis code CAMRAD Il to trim the flight
state based on the forces calculated by the CFD
solver FLOWer. The tool was supplied by Airbus Hel-
icopters and is described in Ref. 13.

The HeliCATS’ workflow is shown in Figure 2. An it-
eration begins with a CAMRAD II run, which calcu-
lates the control angles, attitudes, and the defor-
mations of the main rotor blades. The CFD input files
are then modified to include the correct control an-
gles, attitudes, and blade’s kinematics. The CFD job
is calculated, and the resulting forces and moments
are processed such that they can be used as input in
the next CAMRAD Il run. CAMRAD II's calculations
are initially based on rotor and fuselage polars pro-
vided by the user. At every HeliCATS iteration n, the
polar based loads are corrected by the forces calcu-
lated by FLOWer according to:

(1) Fr=Fh+ (Fg}v_D1 - ann_l)n

where FJ' denotes loads used in the comprehensive
code for the trim task, FJ};, are the loads calculated us-
ing polars and FZ;, are the loads from CFD calcula-
tion. The rotor loads are provided as a function of the
blade azimuth, whereas the fuselage loads are aver-
aged. This approach allows for trimming of only
steady-state flight cases, i.e. hover, forward flight or
steady turns. More information can be found in Ref.
14.

3. DISCRETE MODELS
3.1. CFD model

The discrete model used in CFD calculations consists
of around 90 million cells. The mesh was designed
with the Chimera overset grid technique in mind,
which allows overlapping grids to exchange data.

Trim

Interface

CAMRAD I Controls
Kinematics
Y
Loads HeliCATS
FLOWer < New flight state
CFD

Figure 2 HeliCATS workflow

As a result, complex geometries can be split into in-
dividual components that are easier to mesh. The
presented setup consists of 44 individually meshed
parts.

The grid can be categorized into two sub-groups:
body and off-body grids. The body grid has a maxi-
mum spatial resolution of 0.1 times the main rotor
blade chord length c. The mesh is extruded in the nor-
mal direction with growth ratios between 1.1 for rotor
blades and 1.4 for parts of the airframe. The extrusion
spans up to 2c with the initial cell size ensuring y+
values below one. The off-body mesh is automatically
generated and of a Cartesian type. It uses hanging
nodes to adapt the spatial resolution around user-
specified areas. The off-body grid also has a resolu-
tion of 0.1c around the whole body and rotor blades.

The setup is shown in Figure 3. The airframe is col-
ored orange while the skids, main rotor and horizontal
stabilizers are shown in dark blue. The CFD uses
WENO and models the engines outlet and inlet
boundary conditions. The engine’s inlets and outlets
together with the Fenestron stators are colored light
blue. The Fenestron also includes individual blades
with accurate blade spacing between them. The main
rotor hub is not included in the domain as it would in-
crease the mesh size significantly. Consequently,
blades’ roots are also omitted. As shown in Ref. 1, the
wake of the main rotor hub contributes to the tail-
shake phenomenon, so neglecting the main rotor hub
will affect the presented results by changing the wake
structure. However, this simplification is considered
acceptable in order to reduce the computational effort
required.



However, the main rotor hub node is included in the
CSD domain and the CFD’s main rotor rotates around
it. This means that any deformation of the main rotor
hub calculated by the CSD solver is included in the
CFD. Additionally, it is assumed that the Fenestron
duct, blades, and stators are rigid and exactly follow
the hub node in the CSD domain. This assumption is
necessary to prevent the mesh of the Fenestron
blades from penetrating the surface of the duct, which
would cause stability problems in the CFD. The de-
formations of the main rotor blades are calculated by
an external tool during the trimming process. The re-
sulting kinematics of the blades are then frozen.

Figure 3 CFD setup

3.2. CSD model

In modern aerospace engineering, the design and
analysis of helicopter fuselages is increasingly reliant
on advanced computational methods. The finite ele-
ment method (FEM) provides a powerful tool for sim-
ulating the structural behaviour of helicopter fuse-
lages under various operational conditions. The in-
dustrial finite element model that is used here is
shown in Figure 4.

At this stage, some important points need to be high-
lighted. The main rotor and fenestron are not included
in the finite element (FE) model and are instead rep-
resented by surrogate masses. This also applies to
the side doors and windows. It can be seen that the
resolution of the tail boom mesh is much finer com-
pared to that of the cabin. These three facts influence
the forces acting on the nodes of the FE model. Since
some parts are not fully resolved, the force from the
surrounding CFD cells is summed up and applied to
a few substitute nodes that are the closest to CFD
cells. Consequently, large forces are observed at the
hub nodes of the main rotor and the Fenestron, as
well as at the surrogate nodes in the centre of the
doors, windows and their frames.

While the coupling process accounts for these model
simplifications, in order to be conservative, it has to
be mentioned that they still limit the accuracy of the
simulation. Despite that, the FE model remains highly
detailed, with hundreds of thousands of degrees of
freedom. This results in a high numerical cost of tran-
sient simulation and motivates the use of Model Order
Reduction (MOR), which aims to represent the full-
order system with a low-rank approximation while
preserving its key properties.

Figure 4 Industrial finite element model used for the
coupled simulation

The finite element method yields a second-order dif-
ferential equation of the form

2) M) + Kq(t) = f.

Here, the matrices M € RVY*N and K € R¥*V are
the mass matrix and the stiffness matrix, respectively.

The vector ¢ € RY describes the displacements of
the finite element nodes. The time derivatives are no-

2
tated with g(t) = d‘;_it) ddigt)-

and §(t) =

To reduce the order of the model, projection-based
MOR is used. In projection-based MOR, the goal is to
approximate the full-order system in a subspace V of
much lower dimension. This subspace is spanned by
the so-called projection matrix ¥V with

3) V = span {V}.

The projection matrix is built with the eigenmodes ¢;
of the model. The first n eigenmodes are used, which
yields

(4) V =[¢p1, ¢z .., pn] € RN¥" withn < N.

All other modes are truncated. For noticeable cabin
vibrations, the low frequency range up to about 40Hz
is especially relevant. The first 40 eigenfrequencies of
the finite element model are in the range up to 45Hz



so that they can describe a major part of the defor-
mation behaviour. The reduced model is obtained by
a Galerkin-projection

M, Ky
() VIMV G (t) + VTK V q.(t) = Vf(2),

with the reduced quantities M,, € R**" K, € R"*",
and g, € R".

The eigenmodes diagonalize the system. With the
normalized projection matrix

(6) vV =@T™MV)V,

the reduced mass matrix becomes the identity, and
the reduced stiffness matrix consists of the squared
eigenfrequencies with

(7) K, = diag(w?), i = 1, 2,...,n,

where w; are radial eigenfrequencies. Damping is
considered with a modal damping model. Therefore,
the modal damping matrix

(8) D, = diag(2¢w;), i = 1,2,...,n

with the modal damping ratio ¢ is added to Equation
4. This yields the reduced representation of the
damped system

(9) MG + Deq(t) + Keq(t) = VF (1)

The structural damping is set to 2% in all the simula-
tions presented in this work. It is worth noting that
other MOR approaches that are not based on
eigenmodes are also possible, further details can be
found in Refs. 15 and 16.

4. TRIMMED STATE

The trimmed state is calculated using HeliCATS. Ini-
tially, ten revolutions are calculated with artificially
chosen control angles and rigid rotor blades to obtain
a representative flow-field. Afterwards, HeliCATS is
started and the CFD uses the previously obtained
flow-field as a restart point. The trim includes six de-
grees of freedom (DoF): three main rotor control an-
gles, Fenestron blades’ pitch, and fuselage’s roll and
pitch attitudes. The seventh degree of freedom, which
is in this case the yaw angle, is fixed to a constant
value. To ensure a proper CFD solution, the data is
exchanged every two main rotor revolutions. The first
revolution is calculated to make sure the flow field
adapted to the new flight state, and the loads from the

second revolution were used for the trimming pro-
cess.

The convergence of the trimmed solution is deter-
mined based on the residual accelerations calculated
according to the equations:

(10) ry = ij‘ = Z{%,

where p represents a given axis, F, and M, are the
force and moment along axis p; m is the mass of the
helicopter and I, is the inertia over axis p. The values
of the residuals must be below a certain threshold for
the flight state to be considered trimmed. The thresh-
old values were taken from Ref. 17 and therefore
must obey

deg
sz’

(11) |nT| < 0.1522 and |rf| <1

Initially, all the control angles and attitudes oscillate
around some value with the highest deviations at the
Fenestron’s pitch angle. This results from the weak
coupling scheme stability conditions being broken.
The stability conditions as determined in Ref. 13 re-
quire that the CFD’s force gradient over trim variable
must be:

» of the same sign as the gradient calculated by
CAMRAD Il and

* less than twice of the gradient calculated by
CAMRAD II.

CAMRAD Il uses the Newton-Raphson algorithm to
calculate the trimmed state. The method requires a
calculation of the Jacobian matrix based on the polars
and CAMRAD II's internal aerodynamics model. The
polars are usually based on CFD simulations or wind
tunnel tests, but the internal aerodynamics of
CAMRAD Il uses significant simplifications.

Fenestron rotors are particularly problematic as they
are only considered on a time averaged basis. They
can be considered exactly the same way as the main
rotor blade, however it is not practical as the complex-
ity of the HeliCATS setup would increase significantly,
especially for Fenestron rotors with uneven blade
spacing. This led to the development of a workaround
where the CFD loads of the Fenestron’s duct and hub
are considered to be a part of the CAMRAD II's fuse-
lage. The fuselage polar is then shifted to match the
CFD loads.

CAMRAD II also does not include blade necks in its
computation, but they are included in the CFD do-
main. The main rotor blades are treated differently



compared to the Fenestron as they are elastic. Here,
an interface is used that allows the CFD loads to be
applied to the individual panels. Those panels repre-
sent parts of the blade in the comprehensive tool.
CFD’s rotor blade mesh is much finer than the panel
representation used in CAMRAD II. This requires
mapping between each CFD node to a corresponding
panel. The loads from the blade necks are transferred
to the innermost panel. Alternatively, the loads from
the blade necks can also be applied to the fuselage.

To investigate the solution oscillations described pre-
viously, a stability analysis was conducted. The anal-
ysis included calculating a Jacobian matrix in the CFD
domain and comparing it to the CAMRAD II's estima-
tion. The CFD Jacobian matrix calculation included
twelve simulations. Each simulation had one control
angle or attitude changed by Ax; = 0.5°. The new
blade deformations were calculated for each of the
simulations using CAMRAD Il and the gain results
from

fle+Ax)—f (Axy)
Ax;

(12) gain = ,
where x; is the given control angle/attitude. The com-
parison of both Jacobian matrices allowed the identi-
fication of the problems with the setup. The Fenestron
parameters in CAMRAD Il were adjusted to match the
gain of CFD. An artificial force was applied to the air-
frame that was equal to the Fenestron’s hub and duct
loads, but in the opposite direction. The loads from
the blade necks were also attributed to the fuselage,
which further improved stability. Figures 5 and 6 show
the values of the residual accelerations as function of
the HeliCATS’ iterations. Both figures also show the
threshold values marked as red, horizontal lines.
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Figure 5 Example of residual translational accelera-
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Figure 6 Example of residual angular accelerations

The trimmed case includes a rigid airframe. It is pos-
sible to trim the flight state with an elastic airframe en-
abled but it would require a CSD model with proper
representation of the static deformations. Static de-
formations are not a focus in the scope of this work.
The effort is mostly put into modeling the dynamic
part of the deformations. The deformations also pre-
sent some stochastic behavior (see Ref. 8), which
would require longer CFD run times. When using the
controls from the rigid case with an elastic airframe,
the deformations change the state of the helicopter,
resulting in an increase in the residual accelerations.
The residuals are compared in Table 1. The residual
accelerations of the elastic case are outside of the
threshold values, but it is anticipated that their influ-
ence on the overall vibration characteristics can be
omitted. To give a better understanding of the physi-
cal meaning, the largest residual of angular accelera-
tion (yaw) corresponds to an additional 35N of thrust
at the Fenestron.

Table 1 Residual accelerations of rigid and elastic
cases

Residual acceleration along axis in [sﬂz]

Vertical  Longitudinal  Traverse

Rigid 0.004 -0.005 -0.003

Elastic 0.028 0.020 -0.068
Residual acceleration around axis in [dg
Yaw Roll Pitch

Rigid 0.313 -0.630 0.210

Elastic -3.447 -1.001 4.060




5. Results

The presented results were calculated using the pre-
viously described strong coupling toolchain. The elas-
tic simulation was started from a trimmed rigid state
calculated using HeliCATS. The airframe is elastic,
the main rotor hub motions are included in the CFD.
The rigid body motions are not included in the CFD
domain.

Two CSD models will be compared that differ in the
representation of the gearbox. The simplified gearbox
is represented by a rigid housing with lumped mass
and the detailed gearbox refers to a detailed finite el-
ement model (DFEM). The results presented in sec-
tions 5.1 and 5.2 are calculated using the detailed
gearbox representation.

5.1. Airframe deformation and error estimation

The absolute mean deformation of the airframe is
shown in Figure 7. The mean value is calculated over
two main rotor revolutions. The largest deformation
occurs at the top of the vertical stabilizer, followed by
the Fenestron and the right horizontal stabilizer. The
structure at the front of the helicopter is deflected by
a similar amount as the Fenestron.

The root-mean-square (RMS) values are shown in
Figure 8. Here, the vertical stabilizer oscillates most.
The tail boom together with the front of the cabin is
mostly affected by the mean deformation as the RMS
values are close to zero. The horizontal stabilizers de-
viate almost the same amount compared to each
other, even though they present different mean defor-
mations. The skids, cabin roof, and area around the
doors present similar RMS values.

Figure 7 Mean deformations of the airframe
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Figure 8 Root-mean-square of the deformation
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Figure 9 Vertical deformation of the main rotor hub
as function of time

Figure 9 shows the vertical deformation of the main
rotor hub as a function of time. Each color in the graph
represents two main rotor revolutions calculated in
CFD. The graph shows a total of 42 revolutions with
the first two being disregarded as they were used as
an adjustment period for the CFD solution. This ad-
justment period was necessary as the simulation was
restarted from a converged rigid case.

To estimate the CFD error, the FFT of the first 20 rev-
olutions was compared to the FFT of the last 20. A
period of 20 revolutions corresponds to over 3.1 sec-
onds of physical time, which captures the complete
period of the lowest frequency eigenmode multiple
times. Such a long run also ensures that the FFT res-
olution is high enough to compare the non-harmonic
contributions. The relative error is then calculated us-

ing

FFT (node;)iqast 20 revs — FFT(node;) first 20 revs

(13) error =
FFT (node;) first 20 revs
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Figure 10 Energy distribution per mode

For the peaks at harmonic frequencies the error was
less than 5%, whereas for the non-harmonic frequen-
cies, it was below 30%.

From Figure 9 it can be clearly seen that the defor-
mation varies significantly over time and no clear pe-
riod can be identified. The low frequency influence
that can be seen corresponds to the first eigenfre-
guency of the airframe.

The distribution of the energy over the modes is
shown in Figure 10. The mean value of the energy
function is represented by the blue bars while its am-
plitude is represented by the red bars. Both values
were averaged over a period of 20 revolutions. The
modes are sorted by their eigenfrequency in ascend-
ing order. For additional information the 1/rev and
5/rev frequencies are plotted using blue are red verti-
cal lines. It can be seen that the 1/rev frequency lies
between eigenfrequencies of modes 2 and 3 and
5/rev is located between modes 23 and 24. The 4t
mode has the highest energy content which is over
double that of the next largest contributor to the de-
formation: mode number 1. Modes 1 and 4 dominate
with another significant contribution coming from
higher frequency modes 26, 28 and 30. The 1t and
4t modes are responsible for vertical bending,
whereas mode number 2 is horizontal bending. The
higher frequency modes in the range between 26 and
30 are mostly responsible for horizontal stabilizers
bending and twisting as well as the deformation of
skids, roof and the area around the doors.

The energy content was calculated with

1
21|12

(14) E = (miu? + ku?),

where E stands for total energy, |¢] is the length of
mode shape vector, m is the modal mass, k is the
modal stiffness and u is the deformation. The term ku?
is the strain energy responsible for the mean defor-
mation of the structure. The term mu? is the energy
of the dynamic part of the deformation shown as am-
plitudes.

However, looking at the energy graph does not give a
complete overview of the deformation. Shapes of
modes 1 and 4 are both responsible for vertical bend-
ing, however when both are multiplied by the same
artificial amplitude, they deform the structure in the
opposite direction. This results in a mean deformation
smaller than what would be expected by just simply
looking at the energy graph. Similarly, the large am-
plitudes of some modes would suggest that they are
responsible for a large part of the cabin vibration.
However the corresponding mode shapes have their
nodes located around the cabin area, which results in
small contributions to cabin vibrations. It is also im-
portant to note that all modes carry some energy and
contribute to total deformation.

5.2. Pressure distribution

The aeromechanical nature of the underlying problem
requires an analysis of both the pressure distribution
and the mechanical forces. Since the problem is



indeed “aeromechanical” and not “mechanicalaero” it
is clear that the pressure distribution is more im-
portant and therefore, its analysis will follow.

Figures 12, 13, 14 and 15 show the FFT of pressure
at the CFD surface over a period of 10 revolutions.
Four frequency regions of interest can be distin-
guished: below 1/rev, between 1 and 4.8/rev, be-
tween 4.8/rev, and 5.2/rev and finally above 5.2/rev.
Each interval is left-open. The mentioned figures
show a sum of amplitudes at frequencies within each
group plotted using the same scale for an easier com-
parison.

Figure 12 presents the frequency range above
5.2/rev, which shows large pressure amplitudes at the
front of the cabin and at the roof. These areas corre-
spond very well to the anti-nodes of the mode shapes
26, 28 and 30 resulting in an excitation. A flow field
analysis is in place to understand the distribution of
the pressure amplitudes.

Looking at the Az visualization shown in Figure 11,
separation can be seen at the advancing blade’s neck
which is most likely responsible for the pressure vari-
ations around the roof of the cabin. Similarly, the
wake from the engine and fuselage interacts with the
vertical stabilizer which causes a separation to form
on its leading edge. This separation can be seen as
region of high-pressure variations in Figure 12. To ex-
plain the variations at the front of the cabin, an FFT of

the volumetric solution is plotted in Figure 16. A clear
vortex pattern can be seen, with its wake interacting
with the cabin’s surface leading to pressure variation.

As the considered helicopter uses a five bladed rotor,
the frequency range between 4.8 and 5.2/rev shown
in Figure 13 is expected to have the largest ampli-
tudes. However, looking at Figure 12 it can be seen
that the amplitudes at frequencies above 5.2/rev are
higher. It seems that the previously described sepa-
ration and vortex interaction cause significant ampli-
tudes of pressure fluctuations. The distribution of the
pressure fluctuations is similar to the distribution at
frequencies above 5.2/rev. The modes 21 to 24 have
their eigenfrequencies within the 4.8 to 5.2/rev range,
but they are mostly responsible for bending of the hor-
izontal stabilizers and twisting of the skids. The pres-
sure fluctuations do not suggest any excitation of
those modes and they indeed carry little energy, see
Figure 10.

A look at Figure 14 might lead to a conclusion that
mode number 4 is excited due to the pressure varia-
tions at the front of the cabin as this is also the loca-
tion of the mode’s anti-node, but a closer look around
its eigenfrequency in Figure 17 reveals almost no var-
iation of pressure at that frequency. This suggests
that mode number 4 is excited due to the spatial dis-
tribution of the loads. Given its small energy ampli-
tude, it can be concluded that the pressure variations

Figure 11 A2 vortex visualization colored by local velocity



present at the Fenestron do not supply enough en-
ergy to cause large oscillations of this mode.

For the presented case, this method of analyzing the
pressure variations and comparing them to mode
shapes only works for the frequencies above 5.2/rev.
Looking at Figure 15 which shows the pressure am-
plitudes at frequencies below 1/rev, no clear excita-
tion source can be seen. The largest amplitudes are
located around the Fenestron, but the values are rel-
atively low. However, the low frequency modes can
be easily excited as their modal stiffness and damp-
ing are low. The spatial frequency or wavelength of
the low frequency modes is also lower which makes
them more susceptible to excitations, as the forces
need not to be highly concentrated at the anti-nodes.
It is possible that the spatial distribution of the loads
is responsible for supplying the modes with high en-
ergy and that the pressure variations at the Fenestron
are enough to cause the oscillations of the defor-
mations.

Amplitude
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Figure 12 Pressure variations at frequencies above
5.2/rev

Amplitude
Larger

Smaller

Figure 13 Pressure variations at frequencies be-
tween 4.8 and 5.2/rev

Amplitude
Larger

Smaller

Figure 14 Pressure variations at frequencies be-
tween 1 and 4.8/rev

Amplitude

Figure 15 Pressure variations at frequencies below
1/rev

Amplitude

Smaller

Figure 16 Pressure variations at frequencies above
and including 5/rev around the cabin
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Figure 17 Pressure variations at eigenfrequency of
mode no. 4

5.3. Accelerations

From the perspective of the passengers’ and crew’s
comfort, cabin accelerations are crucial. The Fourier
transform of the accelerations at the cabin floor is
plotted in Figure 18. In this case a period of twenty
main rotor revolutions is considered. Clearly the larg-
est amplitude is present at 5/rev with low non-har-
monic contributions at around 4/rev. The non-har-
monic components are almost an order of magnitude
smaller than the value at the 5/rev. The vertical accel-
eration dominates, followed by longitudinal and lat-
eral.
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Figure 18 Cabin floor accelerations

The presented results are based on a new and im-
proved CSD model that includes a detailed gearbox.
To evaluate the impact of gearbox on the accelera-
tions, results using both CSD models are plotted in
Figure 19. The two models are compared based on
vertical accelerations since they dominate the cabin
floor. As can be seen, the addition of a detailed gear-
box model leads to a higher value of acceleration at

the cabin floor with the non-harmonic components be-
ing comparable between the two models.

——=e—— Detailed gearbox [
——=—— Simplified gearbox

Acceleration

1/rev 5/rev

Frequency

Figure 19 Vertical acceleration at cabin floor: com-
parison of the two CSD models

It is also interesting to look at the accelerations at the
main rotor hub, which are plotted in Figure 20. As ex-
pected, the largest peak is at 5/rev frequency, but
also a significant contribution around 4/rev frequency
is present in the spectrum. This 4/rev peak corre-
sponds to the eigenfrequency of mode number 11
and the mode is mostly responsible for skids defor-
mation and longitudinal motions of the main rotor hub.
Other eigenfrequencies are also marked on the plot
to explain the cluster of peaks at frequencies just be-
low 4/rev as well as the small peak below 1/rev. Even
though only couple of modes carry significant values
of energy all of them contribute to deformation of the
structure which can clearly be seen here.

The largest accelerations calculated using the CSD
models with different gearbox model are compared in
Figure 21. Similarly to the cabin floor, the model with
detailed gearbox predicts higher amplitudes at 5/rev
frequency. Both models have similar solutions below
4/rev, but the model with detailed gearbox predicts a
large non-harmonic component at around 4/rev. This
is completely skipped by the model with simplified
gearbox. On the other hand, the model with simplified
gearbox predicts hon-harmonic accelerations around
6/rev which are not present in the prediction with de-
tailed gearbox. This tendency remains for other air-
frame points and is probably due to the differences in
response functions of both CSD models.
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Figure 20 Main rotor hub accelerations
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Figure 21 Lateral acceleration at the main rotor hub:
comparison of the two CSD models

6. CONCLUSIONS

The conclusions based on the data presented in this
paper are as follows:

e The Jacobian matrix calculated using a CFD
solver can be helpful in improving the cou-
pling scheme.

e The deformation of the airframe changes the
flight state of the helicopter, but trimming with
elastic airframe enabled would require long
run times as more revolutions must be calcu-
lated to properly represent the deformed
state.

e The largest deformation of the structure oc-
curs at the vertical stabilizer.

e The fundamental modes like horizontal and
vertical bending carry the most energy.

e The low frequency modes are most likely ex-
cited due to the spatial distribution of the
loads as the low-frequency fluctuations have
low amplitudes.

e Higher frequency modes are also present in
the deformation as they are excited by pres-
sure fluctuations.

e The addition of a detailed gearbox to the
structural model significantly changes the
predicted accelerations both in the cabin and
at the hub.

¢ Some modes, even though they do not carry
significant energy, can still be seen in the ac-
celerations at the main rotor hub.

The next steps would be to validate the results with
flight test data. That way it could be determined if the
addition of a detailed gearbox helped with the accu-
racy of the vibration prediction. Nonetheless, the pre-
sented tool chain proves that it can work with state-
of-the-art CSD models and help in the development
of future generations of helicopters.
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