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Abstract

Air flow past a reduced scale model of an
Eurocopter BO-105 fuselage-main rotor-tail rotor
configuration was simulated by solving the time
dependent Navier-Stokes equations. The
computations  correspond to  wind  tunnel
measurements carried out under Mach 0.1578
forward flight conditions. Main and tail rotors’ blades
were considered rigid in the computations, and their
motions by were achieved by a moving overlapping
grid technique (Chimera). The numerical results are
judged against unsteady pressure measured on the
fuselage and the blades. Apart from blade elasticity
effects, good agreement with experiment was found.

List of Symbols

M.. Free stream Mach number

Mwr Main rotor tip Mach number
Mg Tail rotor tip Mach number
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Our Main rotor pitch angle

Or Tail rotor pitch angle
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Introduction

Helicopters operate under a wide range of flying
conditions, and hence, significantly different flow
patterns develop around them. As a result, strong
unsteady interactional phenomena take place, such
as blade-vortex interaction, especially during
descend flight, or tail shake under certain forward
flight conditions.
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Although helicopter flows are highly unsteady,
emphasis was placed so far by aerodynamicist
mainly on the time averaged characteristics of the
flow rather than its unsteady aspects. However,
proper understanding of the flow around helicopters
requires thorough analysis of its time dependant
behaviour. In addition, an ever growing awareness
of environmental issues has evolved over the past
three decades, which resulted in strict noise
emission regulations. As a result, special attention
has been directed lately to the acoustic performance
of helicopters, and therefore, advanced analysis of
the unsteady aspects of helicopter aerodynamics is
needed.

From the view point of CFD, simulation of complete
helicopter poses a serious challenge, not only
because of the complex flow physics, but due to the
wide range of Mach numbers and flow regimes
involved as well. The flow around the bluff fuselage
is incompressible and characterized by three
dimensional separation. The blades, on the other
hand, encounter significantly different flows. In
forward flight transonic, and partially supersonic,
flow with shocks is found on the tip of the advancing
blade, and low speed reversed flow near the roots of
the retreating blades. Time accuracy is another
issue increases the severity of the problem. Proper
resolution of the rotor motion and the resulting flow
phenomena limits the time steps drastically, and
thus require considerable computational resources.

These intensive computer requirements were mainly
the reason why many recent research considered
individual elements of the helicopter for time-
accurate calculations (Refs. [1-5]) or limited the
number of grid points used as in Refs. [7-8], or were
limited to the solution of Euler equations only (Ref

(9]

Therefore, numerical
fuselage-main rotor-tail

simulation of helicopter
rotor configuration was



defined as a final milestone of the DLR-ONERA co-
operation project CHANCE [10-11]. The numerical
approach is based on the solution of the time-
accurate Reynolds (Favre) averaged Navier-Stokes
equations in three dimensions using finite volume
formulation and Chimera overlapping grid technique.
Overlapping grids method, Ref [12], was used in the
present computations because of the following
reasons. Firstly, compared to alternative approaches
(re-meshing for example), relative motion between
the different components of the helicopter can be
easily realized. Secondly, Chimera reduces the time
and effort required to generate block structured grids
around complex configurations like that of a
helicopter. Moreover, overlapping grids allow
modular construction of nearly any complex
configuration, and thus, the contribution of the
various components of the aircraft to its
aerodynamic characteristics can be relatively easily
studied.

The reported work is an intermediate step towards
the time-accurate simulation of a complete
helicopter, including engine intake and exhaust,
detailed rotors with hubs taking the elastic
deformation of blades into account. In this paper a
preliminary validation of the DLR’s simulation code
FLOWer to predict time-dependent flow fields
around a fuselage-main rotor-tail rotor configuration
based on rigid blade assumption is presented. The
prediction ability of FLOWer is demonstrated by
time-accurate computations of the flow past a
powered reduced scale wind tunnel model of the
Eurocopter BO-105 helicopter.

The next part of the paper describes the simulated
geometry and flow conditions. The numerical
approach and computational grid are presented in
the subsequent parts. The fifth part discusses the
numerical results and compares them with
experimental data, and the conclusions drawn
therefrom are given in the last section of this paper.

Simulated test case and flow conditions

The computations reported here simulates a forward
flight measured in the HeliNOVI test campaign [13-
14]. Figure 1 shows the model mounted on a model
support inside the German-Dutch wind tunnel
(DNW). The tests were carried out on a 1:2.5 scale
model of an EuroCopter BO-105 with a main rotor
diameter of 4 m and a tail rotor diameter equal to
0.773 m. Both the main and tail rotors have square
blades. The main rotor blades consist of -8° linearly
twisted NACA 23012 profile, and chord length equal
to 0.121 m, while the tail rotor is made of MBB S 102
E airfoil with zero twist, and has a chord length equal
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to 0.0733 m. The experimental
instrumentation and the wind tunnel
described in detail by Ref [15].

model, its
tests are

All intake and ventilation openings were closed in
the experimental model. Surface details like
antennas, windscreen wipers, door handles,... etc.
were omitted. A cylindrical strut was used to support
the model in the wind tunnel. The computational
model was constructed from a three dimensional
scan of the fuselage of the experimental model, and
the surfaces of the blades, the horizontal stabilizer
and end plates were constructed from airfoil data.
The model strut, spoiler and landing skids were
retained in the computations. Rotors’ hubs and drive
shafts were not considered at this step, and the
rotors were represented by disconnected rigid
blades (Figure 1 right).

The selected test case refers to a forward flight at
angle of attack equal to —5.2°. The main and tail
rotor angular velocities are equal to 1085 and 5304
RPM, respectively, corresponding to main rotor tip
Mach number, Myr equal to 0.652, and tail rotor tip
Mach number, Mtg equal to 0.63. The test was
carried out with a free stream velocity equal to 60
m/s (M.=0.1766). The rotors were not trimmed
numerically, rather both the main and tail rotor blade
pitch angles were specified according to the nominal
trim law used in experiment, that is ®yr = 10.5°-
6.3°sin(Y)+1.9°cos(¥) for the main rotor, and
®1r=8° for the tail rotor, where ¥ is the main rotor’'s
azimuth angle, and ®yr and ®tg main and tail rotor
pitch angles, respectively.

Numerical Approach

Description of the solver

The Reynolds (Favre) averaged Navier-Stokes
equations were solved by means of the CFD
simulation code FLOWer. The solution process
follows the idea of Jameson, Ref [16], which
represents the mass, momentum and energy fluxes
by a second order central differences. Third order
numerical dissipation is added to the convective
fluxes to ensure numerical stability. These
dissipative contributions are reduced to first order
when a shock is detected. Smooth transition from
the fourth to the second order is realized by linear
combination of both terms.

FLOWer contains a large array of statistical
turbulence models, ranging from algebraic and one-
equation eddy viscosity models (Refs [17-18]) to
seven-equation Reynolds stress model. In this paper



a slightly modified version of Wilcox’s two-equation
k-o model is used. The modifications, their validation
and implementation are given in Ref [19], while Ref
[20] describes the original model of Wilcox. Unlike
the main flow equations, Roe's scheme is employed
to compute the turbulent convective fluxes.

The descretized equations are advanced in a
fictitious time using a explicit multi-stage Runge-
Kutta method. The solution process makes use of
acceleration techniques like local time stepping,
multigrid and implicit residual smoothing. Turbulence
transport equations are integrated over pseudo-time
implicitly. Each (pseudo) time step, a system of
equations is solved by the DDADI (diagonal
dominant alternating direction implicit) to obtain k-
and o. No assumptions are made for the boundary
layer profile, rather, the equations of motion are
integrated down to the wall (Low-Re approach). One
particular advantage of the k-o class of models is the
automatic damping of the turbulence kinetic energy
in the laminar sublayer, which removes the need of
explicit damping functions thus making the Low-Re
approach particularly interesting, despite the
required fine resolution of the near wall region .

Flow data is exchanged between Chimera
components and/or background by interpolation on
the outer boundaries of each child grid. At the same
time, solid bodies contained in the child grid blank all
points those lie inside the solid surface creating a
“hole” in the other grids. These points are ignored in
the solution procedure, and only the points on the
hole boundaries are updated by interpolating the
flow variables from the child (embedded) grids. The
details of the procedure are given in [12].

Computational grid

The configuration has been subdivided into 12
components: fuselage, horizontal stabilizer and end
plates (left and right), four main rotor blades, two tail
rotor blades, left and right skids, and model
strut+spoiler. Multi-block structured grids were
generated around each component. The twelve
components were embedded in a locally refined
Cartesian background grid consisting of 414 blocks
containing 1.9 Million cells. Table 1 contains an
overview of the components grids.

Background grid 2.240.000 414

No. of points No.of blocks

Fuselage 2.310.000 17

MR Blade grid (x4) 840.000 3
TR Blade grid (x2) 350.000 2
Skid (x2) 675.000 6
Stabilizer grid (x2) 770.000 5
Strut+Spoiler 1.090.000 6
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Total 12.560.000 477

Table 1: Overview of the numerical grid

Figure 2 shows the numerical grid on the surface of
the helicopter together with a cross section in the
background grid. The figure shows also the near
field grids around the different components of the
aircraft.

Results and Discussion

A snapshot of the computed vortex structure is
shown in Figure 3 in terms of constant A, surfaces.
The figure illustrates an extremely complex flow field
with several interacting vortex systems. Evident
blade-tip vortex interaction, and also between the
wakes of the main rotor blades and the engine
intake fairing can be seen. Although difficult to
identify from the figure, vortices shed from main rotor
blade roots could be preserved by the grid long
enough to interact with two successive blades. The
computations could reproduce the interaction of the
main rotor wake with the tail rotor, which is typical for
this advance ratio. Clearly observed also is
unsteady vortex shedding from the helicopter skids
and the model support.

Pressure distribution on the fuselage

A total number of 13 transducers were placed on the
symmetry plane to measure air pressure variations
with main rotor’s azimuth position. Figure 4 shows a
comparison of numerical and measured pressures
along the centreline of the fuselage for the azimuth
range between two identical constellations of the
rotors (180° main rotor or 900° tail rotor) at a
resolution of 30 main rotor degrees. The pressure
patterns are qualitatively similar showing stagnation
of the flow on the front end of the fuselage followed
by acceleration marked by pressure reduction over
the upper surface. A gradual increase in pressure is
observed around x=-0.15 indicating deceleration of
the flow. The stagnation pressure is reached again
in front of the closed engine intake followed by a
sharp suction peak over its upper leading edge. The
pressure remains more or less constant over the
engine intake and increases rapidly between x=0.7
and x=1.1, and continues to increase but at a slower,
nearly linear rate until the tail fin is reached (around
x=2.3). On the lower side the pressure decreases
first over the nose reaching the lowest value close to
x=-0.5, then increases with the distance between x=-
0.5 and x=-0.3 where the pressure increase starts to
be less steep. The blockage effect of the strut is
indicated by a visible rise in pressure (x=0.52). The



pressure decreases then slowly over the lower side
of the tail boom.

Unsteady effects are rather weak on the front part of
the fuselage except for higher pressure in the engine
intake area at ¥=60° and over the upper side for the
P=180° position. The unsteadiness is most obvious
in the tail boom area. Both qualitative and
quantitative differences can be clearly seen. There is
a noticeable pressure increase on the upper side
caused most probably by the downwash of the main
rotor blades when they pass over the tail boom
(P=90° and 180°). Also observed are pressure
pulsation propagating upstream as a result of the tail
rotor motion. They are however damped quickly and
become insignificant upstream of x=1.5.

Compared to the experiment, the computed
pressure is very well predicted over the front part of
the fuselage. The quality of predictions varies
strongly on the tail boom and the tail fin with the
azimuth position. While the numerical values
remains acceptable in magnitude, there is what
looks like a phase shift between the computed
results and experiment. The deviations appears to
be systematic on the tail boom where a higher
pressure is predicted whenever the main rotor
blades become parallel to the tail boom (¥=90° and
180°).

The tail fin pressures are best examined in Figure 5,
which illustrates the computed and measured
instantaneous pressure signals for two locations on
the tail fin. Apart from few exceptions, the
computations underestimate the (ordinate direction
opposite to Figure 5), but shows a similar behaviour
to the experiment where five suction peaks
corresponding to the tail rotor blades can be
observed in both cases. However, as far as the
azimuth position is concerned, the peaks are
predicted earlier by the computations than the
experiment. It is interesting also to notice the higher
pressure levels recorded by the upper sensor, which
is possibly caused by interaction between the rotor
hub’s wake and the tail fin; and therefore, not visible
in the numerical results.

Main rotor pressure

Unsteady pressures on the main rotor were obtained
at the radial position r/R=0.87 from two different
blades by 20 dynamic pressure sensors. Signals
from 15 sensors provided the unsteady pressure for
the first blade, 10 on the upper side and 5 on the
lower side; pressure data for the second blade was
provided by 3 sensors on the upper side and 2 on
the lower side. The numerical and experimental
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pressures normalized by the speed of sound (CpMz)
are compared in Figure 6. Very good agreement
between the numerical data and the experiment can
be found, except for the azimuth positions between
120° and 180°. Within this range the computations
show lower pressures and steeper adverse pressure
gradients on the upper surface which are not
observed in the experiment. On the pressure side
the measured pressure is lower than the computed
one indicating smaller effective pitch angle most
probably due to elastic deformation of the blades
similar to the observations of Pahlke [3].

Tail rotor pressure

The distributions of tail rotor pressures are shown for
the radial position r/R=0.8 in

Figure 7 in terms of the CpMz. The advancing blade
(-90° < Wir < 90°) generates higher thrust than the
experimental one as can be deduced from the
pressure pattern on the upper and lower sides of the
blade. The smooth pressure recovery on the suction
side steepens clearly around ¥=30° and possibly
becomes a shock in the tip region. However, this
effect, which is completely absent in the experiment,
vanishes rapidly and is hardly noticed for the ¥=60°
position. An opposite trend is observed for the
retreating blade (90° < Wrr < 270°) where smaller
pressure differences between the pressure and
suction sides are observed in the numerical results
than in the experiment. An alternative view is
provided the pressure time history given by Figure 8.
The figure shows the evolution of pressure in time at
two radial positions, r/R=0.5 and r/R=0.8. From the
figure it can be clearly seen that computed pressure
is insensitive to the radial position compared to the
measured one. An alternating pressure pattern can
be seen for the experimental data where the
pressure coefficient rises rapidly from —0.36 to 0.1 at
r/R=0.5, and from -0.74 to 0.15 at r/R=0.8. The
pressure falls again forming a weak suction peak
with a pressure coefficient value around —-0.1 and —
0.2 for the r/R=0.5 and 0.8 respectively. This suction
peak is also seen in the numerical results but with a
larger amplitude —-0.4 and -0.55 for the same
positions. The positive pressure pulse observed in
the experiment can be hardly seen in the CFD
results for the r/R=0.5 position. For the r/R=0.8
location there is a pressure recovery following the
negative pressure peaks but it does not exceed -0.1,
and always ahead of the experiment.

Since the measurements did not provide any
information on the flapping of the tail rotor blades
(due to flapping sensor damage), it was difficult to
asses the importance of the flapping motion, and



therefore, was not considered in the simulation. In
an attempt to verify these differences, a rotor
simulation code [21] was applied to trim the rotor
according to the measured thrust. The simulation
resulted in a 41% reduction of the collective pitch
due to the flap-pitch coupling, and cyclic
components as high as 39% of the nominal pitch
used in the computations. Recent HeliNOVI
measurements confirmed these findings showing a
deviation in collective pitch in the order of +£2.5°. One
possible and very probable reason for the observed
deviation therefore may be this incompatibility in the
tail rotor's control angles. However, a conclusive
comment can not be made without re-computing the
flow with the new trim.

Summary and conclusions

A Time-accurate Navier-Stokes simulation of a
powered wind tunnel model of a BO-105 helicopter
has been presented. The computations considered
forward flight conditions at 60 m/sec and —5.2° angle
of attack. Main and tail rotor motions were realized
numerically by a moving Chimera method with a
resolution of 0.4° and 2° respectively. Periodic
solutions were obtained in 700 hours elapsed time
using 8 NEC-SX6 processors (5600 CPU hours),
and needed 0.4 TB to store the results. More details
on the performance can be found in [12]. The
outcome of this work can be summarized as follows:
Despite the intensive computer and human
resources demands involved, time-accurate
simulation of complete helicopter is possible with the
available CFD techniques.

The reported computations provided important
guidelines for CFD development work at DLR.
Additional tests (not reported here) revealed an
order of magnitude acceleration in Chimera search
operations, which means a speed up of 250% of the
overall performance of FLOWer. The latest bench
mark tests using a NEC-SX8 shows a speed up of
700%.

Very good agreement with experiment could be
obtained for the fuselage. The largest deviations
were observed when the main rotor blades crossed
the tailboom.

Noticeable differences between the CFD results and
experiment were found on the tail rotor. This was
due to significant deviation in rotor’s pitch and flap
angles from the nominal trim law which was used in
the computations.

Main rotor pressure could be predicted satisfactorily.
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As expected, some deviation from the experimental
results was observed on the advancing blade due to
blade elasticity.

The reported efforts are an important step towards
the simulation of complete helicopters. To achieve
this goal, the aforementioned elastic deformation
and rotors’ hubs effects will be verified within the
EU-project GOAHEAD by wind tunnel
measurements planned and dedicated for validation
of CFD results.
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Figure 2: Left:surface grid and a cross section in the background grid, right:component (child) grids around the
individual elements of the configuration

Figure 3: Computed instantaneous constant X, surfaces
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	Unsteady pressures on the main rotor were obtained at the radial position r/R=0.87 from  two different blades by 20 dynamic pressure sensors. Signals from 15 sensors provided the unsteady pressure for the first blade, 10 on the upper side and 5 on the lower side; pressure data for the second blade was provided by 3 sensors on the upper side and 2 on the lower side. The numerical and experimental pressures normalized by the speed of sound (CpM2) are compared in Figure 6. Very good agreement between the numerical data and the experiment can be found, except for the azimuth positions between 120o and 180o. Within this range the computations show lower pressures and steeper adverse pressure gradients on the upper surface which are not observed in the experiment. On the pressure side the measured pressure is lower than the computed one indicating smaller effective pitch angle most probably due to elastic deformation of the blades similar to the observations of Pahlke [3].  
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