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Abstract

During the development of new numerical methods or in the validation process of a computational tool for
a specific aerodynamic phenomenon, the comparison with experimental data is compulsory. Especially in he-
licopter aeromechanics, often experimental data is not available in the required depth or is very expensive to
conduct. To overcome the lack of data the Institute of Aerodynamics and Gasdynamics (IAG) at the University
of Stuttgart has developed a flying measurement platform. This model helicopter is able to collect the necessary
flight test data on a model scale. These tests are embedded in a modular tool chain, which serves for validation
purposes of the used fluid-structure coupling at IAG. In this tool chain the raw experimental data is obtained with
the model helicopter and post-processed with a Kalman-filter. Numerical setups were built up to compute the
structural dynamics and flight dynamics with the commercial comprehensive code CAMRAD II, and the fluid dy-
namics with the FLOWer flow solver. A coupling process assures that a free flight trim of the complete helicopter
with elastic main rotor blades is computed. As an example, a free flight of the helicopter in ground proximity is
regarded and results are shown.

NOMENCLATURE Oc lateral cyclic
Os longitudinal cyclic
a/AoA angle of attack F trim loads vector
B sideslip angle f(%) derived system state
® transition matrix u external influence vector
AX deviation of the system state A rotor disk area
L cr thrust coefficient
NZ measurement deviation
A F force
X system state .
h height
B external influence matrix
M moment
G noise matrix = power
H measurement matrix R radius
| unity matrix Voo free stream velocity
K Kalman gain matrix 9DOF 9 degree of freedom system
= error-covariance matrix CFD  computational fluid dynamics
. . . COTS commercial off the shelf
Q noise-covariance matrix
. . DLR german aerospace center
R measurement noise matrix i )
GClI grid convergence index
u advance ratio I
GPS  global positioning system
N . .
H normalised advance ratio IAG Institute of Aerodynamics and Gasdynamics
Q angular velocity IGE  inground effect
0] helicopter roll angle Li-Po  lithium-polymer
1] helicopter yaw angle MEMS mircoelectromechanical systems
p density OGE out of ground effect
) helicopter pitch angle RANS Reynolds averaged Navier-Stokes
©o collective setting of the main rotor USR  ultra sonic range finder



1 INTRODUCTION

Often flight test data for specific aerodynamic phe-
nomena or flight environments is not available and in
any case very expensive to conduct with full scale he-
licopters. Especially ground effect measurements are
seldom conducted with full helicopter configurations.
Therefore, a severe lack of experimental data often
hinders the validation of new computational models
or the tackling of further flight situations.

At the Institute of Aerodynamics and Gasdynamics
(IAG) of the University of Stuttgart, Fischer devel-
oped a couple of years ago a flight test platform,
which was recently extended and refurbished with
modern measurement sensors and modern avionics.
A computational modelling was set up to achieve the
possibility to validate the computational fluid dynam-
ics (CFD) code FLOWer from DLR? used at the insti-
tute. Both sides, the aerodynamics and the structural
dynamics are modelled.
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1.1 Tool chain

Figure 1 depicts the newly implemented toolchain at
IAG. On the flight test side, data is collected for vali-
dation purposes. The specific test case is then com-
puted in a trim iteration loop. The results are com-
pared afterwards.

As the whole process is designed modular, models
(e.g. a higher order approach in aerodynamics) can
be exchanged or improved without any impact on the
overall structure. This is especially helpful if valida-
tion of a new method or of a new flight case has to be
achieved.

In this paper an overview of the new toolchain, the
validation cycle and first results will be presented. Es-
pecially the build up and validation of all the parts of
the chain will be addressed.

1.2 Motivation ground effect

The ground effect on the helicopter is characterised
by an unsteady and extremely three dimensional be-
haviour of the flow. The forces and moments are al-
tered significantly and show a much more distinct un-
steady behaviour. Furthermore, the flow of the ro-
tor interacts with the helicopter body and the ground,
which often leads to recirculation phenomena. Due to
its significance in the performance measures, the vi-
brations regarding fatigue and comfort as well as flight
safety, the ground effect is a topic of interest since the
beginning of helicopter flight.

Most studies in the past focused on the hover (Ref.
3) and forward flight (Refs. 4, 5) of model rotors in
ground effect (IGE) and the comparison with results
out of ground effect (OGE). At the beginning, theoret-
ical (Refs. 6, 7, 8) and experimental (Ref. 9) corre-
lations were derived. With those, the influence of the
ground on the helicopter could be considered. Fur-
ther experimental studies were done in Refs. 10, 11,
12, 13 and 14. The computational methods, which
serve for the computation of the ground effect, are
the finite state modeling (Ref. 15), the free vortex/ po-
tential models (Refs. 16, 17, 18) as well as Euler-or
Navier-Stokes code examinations (Refs. 19, 20, 21,
22, 23). Summaries were written in PhD theses (Refs.
24, 25 and 26).

At the IAG the ground effect was subject of several
studies. Firstly, the ground influence on a fixed wing
was simulated with the solver FLOWer (Ref. 27), then
a model helicopter rotor in hover IGE (Ref. 28) was
examined. This was then expanded towards forward
flight (Ref. 29). For a validation with correct scale,
Mach and Reynolds number, results of a comparison
of an experimental and numerical approach with a
complete helicopter in hover were analysed (Ref. 30).
In the present examination a trimmed complete he-
licopter IGE is examined experimentally and numeri-
cally with respect to the alignment of the body and the
blade dynamics.

2 FLIGHT TEST

To obtain experimental free flight data a model heli-
copter is employed, which is equipped with different
measurement sensors. The platform features the
following sensors:

» Pitch-, lag-, flap-, azimuth-angle sensor at the
main rotor

 Pitch-angle at the tail rotor

¢ GPS sensor



« Ultra sonic range finder (USR) for height above
ground measurement

* pressure and temperature sensor

9 degree of freedom system (9DOF)

— three accelerations
— three angular velocities
— three earth magnetic field axes

JLOG2 system for performance measurements
of the electric drive

These sensors are used to compose a trim target and
a trajectory. This flight state is then computed after-
wards.

2.1 Helicopter

The helicopter used is a Mikado LOGO 30 model
helicopter with two blades for each rotor, main and
tail alike. The steering is done via a 2.4GHz re-
mote control system, and an additional flybarless sys-
tem (BEASTX) supports the pilot for better situational
awareness. The drive chain is powered by a Scor-
pion 3KW brushless motor, while Lithium-Polymer (Li-
Po) accumulators provide the needed energy. A Jive
controller from Kontronik steers the power flow. The
weight of the overall system is about 5kg.

Rotors

The rigid bar-less main rotor is equipped with sym-
metrical 0.62m blades, which leads to a radius of
0.7m featuring a NACAO0013 like airfoil with a chord
of 0.06m. The angular velocity of the main rotor is
13JIrad/s.

The tail rotor, which is attached in a pusher configura-
tion, is equipped with two NACAO0012 profiled blades
with a radius of 0.1475m, a chord of 0.026m and an
angular velocity of 58%ad/s.

2.2 Measurement equipment

Hall-effect sensors The pitch, flap, lag and azimuth
sensors of the main rotor and the pitch sensor of the
tail rotor are Hall-effect-sensors, with a permanent
magnet fixed to the blades. The great advantage is
that there is no mechanical contact needed.

GPS sensor The GPS sensor receives and pro-
cesses the signals of the visible GPS satellites and
outputs the position, speed and GPS-height informa-
tion.

USR sensor The USR sensor sends an ultra sonic
pulse and measures the time until the reflected an-
swer pulse is received. Out of the known speed of
sound and the time between the emission and the re-
ceiving, the distance to the ground can be obtained.

MEMS sensors At the helicopter, also a sensor for
the pressure/temperature and a 9 DOF board are at-
tached. All those sensors are mircoelectromechanical
systems (MEMS). They measure linear acceleration
and angular velocities.

JLOG2 The last measurement system is the JLOG2
which is a COTS (commercial off the shelf) part. This
data logger collects the data for e.g. the battery volt-
age, motor current, motor and rotor rotational rate. It
also directly integrates the power consumption and
logs several remote control settings (e.g. thrust set-

ting).

Data logging devices At the helicopter three data
logging devices are attached. The first is the al-
ready described JLOG2, the second system records
the data of all the Hall-effect sensors and was devel-
oped at IAG, while the third is the COTS "Logomatic
V2" from SparkFun Electronics, which writes the data
from the USR/ GPS/ 9DOF and pressure/temperature
sensors onto a memory card. The time synchronisa-
tion between those three systems is established via
the common logging of the start signal of the Hall-
effect system. With this information a common time
stamping is achieved.

2.3 Postprocessing

In a postprocessing step the measured data is read
out of the several systems. Afterwards a Kalman filter
is employed to compose the trajectory.

Kalman filter

To compute the trajectory of the flight path the final
Kalman filter will use the data of the USR, GPS, 9DOF
and pressure sensor. At the moment the usage of
9DOF, GPS and USR is implemented. In Ref. 31 the
Kalman filter, which was developed specifically for this
system, is described precisely, therefore, here only a
short summary is given.

In Fig. 2 the implemented navigation-filter is de-
picted. Two loops are present:

* In the inertial strapdown algorithm, the high fre-
guency data (100H2) from the inertial measure-
ment unit, that is, the accelerometer and the gy-
roscope, are used to compute the state and at-
titude of the helicopter. This is the basis of the
system modelling. The system noise of this part
is characterised by the noise of the inertial mea-
surement unit sensors.

* The linearised Kalman-filter is the second loop,
featuring a lower frequency (1Hz). As soon as
data from the GPS, USR and magnetometer is
available, these values will be compared with the
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Fig. 2. Implemented inertial navigation sys-
tem/GPS navigation-filter [32]

estimated system state from the first loop. The
measurement deviations are regarded in the es-
timation loop and weighted with the Kalman gain
matrix K to achieve a correction of the system
state. The propagation and correction of the
error-covariance matrix P is also done here. Nor-
mally the propagation of P should be done in
the first loop, but to spare computational costs
it is shifted towards the frequency of the second
loop. Here 10Hz are selected, the correction is
still done with 1Hz

Propagation

(1) Propagation of error state

AFT =0

(2) Propagation of error covariance
/ P =% 1 Pt 0 +GaQu G

Correction of the predicted system state

N

Predicted system state
&=&1 + [+ (f@) +Bd) dt

J/

B = & + AT

Estimation (Correction)
(1) Calculation of the Kalman Gain
Ky, = Py HY (HyPy HY + Ry) ™

(2) Correction of the error state
AT = AF + Ki(DF — AZ;)
= Ki(fir(@r) — %)
(3) Correction of the error covariance
P} =(I— KpHy) P”

Fig. 3. Linearised Kalman-filter algorithm [32]

In general, the filter predicts in a propagation step
(often also called prediction-step) the state of the sys-
tem in the next timestep. Afterwards, the estimation
step (often called update-step) corrects the previously
found system state (Fig. 3). As the deviation from
the estimated system state AX is considered (error
state formulation), the value is consequently zero in
the propagation step (step (1) in Fig. 3). Then the
error-covariance matrix Py is propagated in (2). Here
@y is the transition matrix, defining the transition of the
system state between the time steps, Q is the covari-
ance matrix of the system noise and Gy is the noise

transition matrix which is containing the system noise,
e.g. uncertainties and inaccuracies in the modelling
of the process. Then the assumed system state X is
determined with the previous system state X1 and
the integral of the derived system state f(X) plus Ty,
the external influences, times By, the matrix defining
the influence on the system from the external values.
In the estimation step the propagated values are cor-
rected. First the Kalman gain Ky is computed with the
measurement matrix Hy and the covariance matrix of
the measurement noise Rk (1). Then the deviation
of the system state AX is computed with the propa-
gated value, the Kalman gain and the difference out
of the measurement deviation AZ and the propagated
deviation of the system state (2). Afterwards (3), the
error-covariance matrix is corrected with the unity ma-
trix less the product of the Kalman gain times the
measurement matrix. At last, the corrected system
state is computed with the propagated system state
and the estimated correction. Afterwards this cycle is
re-executed for every time-step.
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Fig. 4. Example result of the Kalman-filter [32]

With this Kalman filter implementation the trajec-
tory of the helicopter can be reconstructed. In Fig.
4 the results for a generic example case are shown.
In black a generic curve is given, which is distorted
and analysed to achieve a generic measurement sen-
sor output. Then, this 'output’ is given into the filter
loops to reconstruct the curve. In blue the result is
shown if only the first loop is computed and all the
information is only provided by the inertial measure-
ment unit. Here the integrated noise leads to a fast
growing big error. Therefore, the values of the USR
and GPS (red dots) are fused to the data within the
second loop. The green curve shows the very sat-
isfying result. Tests with in-flight recorded data are
currently underway.



3 NUMERICAL EXAMINATION

The numerical examination is divided in two parts.
First the aerodynamics code FLOWer, which works
out the flow field and all performance measures. Sec-
ond is the structural dynamics section with the code
CAMRAD I, which is employed to obtain the struc-
tural response for the force and moment computation
of the CFD tool. Those two codes are iterated until a
converged trim solution is obtained, which represents
the experimental flight conditions. In the end the com-
puted data can then be compared to the free flight test
data for validation purposes of the CFD tool and the
coupling with CAMRAD II.

With this toolchain it is possible to overcome the lack
of validation data for new computational methods, for
all flight cases which can be steered with a model
helicopter. Although Reynolds and sometimes Mach
scaling effects limit the direct transfer of physical flow
phenomena to full scale, additional validation data is
very valuable to explore new flight state territory. The
few available full scale data will close the gap to a fully
validated simulation system.

3.1 Aerodynamics

For the aerodynamic modelling of the helicopter
the block structured finite volume Reynolds-averaged
Navier-Stokes (RANS) CFD code FLOWer is used.
For closure of the turbulence equations the Wilcox
k — w model®3 is implemented. To model the differ-
ent helicopter components and their relative motion
the Chimera technique was employed. A JST[B34 sta-
bilised central difference scheme leads to a second
order accuracy in space discretisation. A dual time
stepping, introduced by Jameson[®9, is used to ob-
tain second order accuracy in time. As a helicopter
with moving and rotating grids is computed, the RANS
solver has an arbitrary Lagrangian-Eulerian method
implemented. In the present tool chain the CFD code
is coupled with a flight mechanics code to realise a
fluid structure coupling. As deformation of the blades
and, therefore, the blade grids has to be computed,
the geometric conservation law is employed. To im-
prove and accelerate convergence, a multigrid algo-
rithm and implicit residual smoothing are applied.

3.1.1 Setup

To obtain a numerical solution for the aerodynamics a
grid setup was built up in Ref. 36 and was adapted
for the use in the present examination. As mentioned,
the Chimera technique is employed to handle rela-
tive motions of the several parts. In Fig. 5 the grid
setup is shown. For better visibility the components
are only depicted with edges, and parts of the back-
ground mesh are blanked. Around the aerodynami-
cally interesting region of the helicopter the hanging

grid nodes technique was employed, achieving a grid
cell clustering in this region. All helicopter compo-
nents were modelled with the exception of the skids
and the blade brackets.

Fig. 5. Computational setup

Table 1 gives an overview of the grid components

and their respective number of cells. In total the grid
consists of about 69Mio grid cells in a block structured
grid. The 3825blocks are used to obtain a good par-
allelisation efficiency. At the helicopter surfaces and
at the lower background mesh boundary a no slip wall
was employed, to be able to compute the helicopter in
ground effect. At these surfaces the mesh resolution
is high enough to simulate the boundary layer. At the
other boundaries of the background mesh a 'farfield’
condition is applied.
The computations were performed at the Cray Her-
mit supercomputer at the high performance comput-
ing center in Stuttgart, on Dual Socket 2.3GHz AMD
Interlagos processors.

Table 1. Grid components
mesh component number of grid cells

background 47,331,328
fuselage 12,324,864
one main rotor blade 3,075584
main rotor hub cap 811,008
one tail rotor blade 751,104
tail boom 418816
vertical stabilizer 208,896
Total 68,748 288

3.2 Grid convergence study

This setup has to be studied with regard to the grid
dependency. Therefore a grid convergence study
according to Roache3”l was conducted.

Starting from a mesh quality commonly used at



IAG, this setup was refined and thinned out with a
constant factor of 1.26 in each space dimension.
Leading to three setups with 138 69 and 40 Mio. grid
cells, this resulted in an average refinement factor of
rs> = 1.2 and ry; = 1.26 (coarse grid: index 3, medium
grid: index 2 and fine grid: index 1). It was assured
that the boundary layer thickness is kept constant
and, furthermore, the height of the first cell was also
constant, assuring a yt ~ 1 at the helicopter, the
ground and the rotor blades. The aim was to evaluate
discretisation errors via the grid convergence index
(GClI).

In Tab. 2 the results of the evaluation are shown
for different measures. As the main rotor possesses
the major influence, the thrust Cy and torque Cwt
coefficients of the main rotor and the lift C. and
pitching moment Cyp coefficients of the complete
configuration are regarded. During the grid conver-
gence study no trimming was performed, meaning
that all setups are featuring the same flight condition,
control settings and attitude angles. All GCI values
were calculated using the safety factor of 1.25 used
by Celik[38l.

Table 2. Grid convergence study results

®=Cr ®=Cyur | »=C. ®=Cup

[10°%  [1079 [10°%  [1077
3 2567 —2.061 | 5050 7441
®, 2539  -1.982 | 4998 6084
Py 2533 1960 |5243 5360
Pext 2532 1952 |5329 4910
el 0.058% 037% | 1.62% 917%
GCIZt, | 0.073% 046% | 2.05%  105%
GCl3ie | 0.37%  187% | 0.67%  241%

The results of the grid convergence index values
for Cr and Cyt show that the main rotor measures are
converged and there is only a negligible influence of
the mesh refinement from the coarse to the medium
grid and nearly none from the medium to the fine grid.
The measures of the complete setup show that there
is still a notable grid influence. It is interesting that
CL seems to oscillate around the true solution. The
pitching moment coefficient of the complete configu-
ration still features a considerable grid dependency.
However, as the most other coefficients show a sat-
isfying behaviour, the medium refined grid setup is
regarded as sufficiently accurate to compute the heli-
copter flight in ground proximity.

As shown, the integral features of the flow are mod-
elled with an adequate precision, but as the wake
characteristics are also of interest, they have to be
examined either. Therefore, Fig. 6 gives a compari-
son of the wake features with As-visualisations of the

(a) coarse (b) medium

L.

iR

(c) fine

Fig. 6. Ay-visualisation of the helicopter setups
with coarse, medium and fine grid resolution

helicopter in forward flight from the starboard side. It
is obvious that, the finer the grid, the better the reso-
lution of the wake features, e.g. the blade tip vortices.
Nevertheless, it can be seen that some features are
not resolved properly in the coarse setup, whereas
the gain of the fine setup compared to the medium
resolution is not that big, to justify the double number
of grid cells and, therefore, at least the double amount
of CPU’s or wall-clock time. Hence, the resolution of
the flow features is regarded to be sufficient with the
medium grid setup. Resulting out of the grid conver-
gence study it was decided to use the medium setup
for all further examinations.

3.3 Structural dynamics

The CAMRAD Il code from Johnson Aeronautics39 is
used to compute the structural dynamics of the blades
and the flight mechanics of the complete helicopter.
The forces on the body and the blades are in the first
step computed with polars, the lifting line theory and
the assumption of a high aspect ratio of the blades.
The two-dimensional aerodynamics will be replaced
by RANS CFD data in an iterative trim process (see
chapter 3.4). The helicopter polars were generated in
a wind tunnel campaign (see chapter 3.4.1), while the
polars of the NACA0012 and NACAO0013 were em-
ployed for the blades. Unsteadiness like dynamic stall
or special conditions like gust and yawed winds could
have been included via correction models. The wake
can be represented either by analytical downwash-,
prescribed- or free-wake-models.

CAMRAD I iterates with a Newton-Raphson algo-
rithm the equilibrium condition of the acting forces.
Here the aerodynamic forces on the body and the ro-
tors and the centrifugal and gravitation/acceleration
forces should reach a prescribed equilibrium condi-
tion.

The code is able to handle multibody dynamics and
computes the exact rigid body movement of the he-



licopter components. To receive the elastic deforma-
tion of the components, the code needs, additionally
to the computed loads, the elastic behaviour of the
component. In this examination the main rotor blades
are treated elastic, while the other components of the
helicopter are regarded as rigid.

From the aerodynamic loads the structural deforma-
tion of the main rotor blades is computed. To achieve
this, the code employs in the present implementation
an Euler-Bernoulli beam model. This model repre-
sents the blades as a slender beam with isotropic ma-
terial properties. The theory of the Euler-Bernoulli
beam says that the undistorted cross-sections will
stay undistorted during the deformation. Within this
examination the beam is represented in CAMRAD Il
with second order accuracy and the code employs for
the calculations the methodology of Ref. 40.

3.4 Trim procedure

From the experimental data, e.g. a phase with sta-
tionary forward flight and another one in hover may be
chosen. In these states the velocity is known. Also,
as the system is in a constant flight state, the sum of
forces and moments on the complete helicopter must
be equal to zero. To achieve this, the flight mechanics
code predicts not only a structural deformation and
control setting of the main rotor blades, but also a
pedal setting and attitude angles of the helicopter.
With this information, the CFD code computes the
flow field and integrates the forces and moments out
of the pressure distribution. Then these results are
compared with the need of a force free helicopter. The
flight mechanics tool predicts again all values, but with
a correction employing the CFD forces and moments
(Eg. 1). This information is again passed on to the
CFD tool, which leads to an iterative process, in which
the two-dimensional aerodynamic initial guess of the
flight mechanics tool is replaced by the more accu-
rate three-dimensional RANS solution. That way the
deformation, blade articulation and helicopter move-
ment is taken into account in the CFD computation,
while a prescribed trim target (here force free flight) is
achieved. This procedure is also known as free-flight
or six-component trim, as the three main rotor con-
trol settings @, ©s, O, the pedal setting and two heli-
copter attitude angles (here roll ¢ and pitch 9 attitude)
are trimmed. The third angle, here the yaw angle ¢,
is prescribed, in this case equal to zero. This proce-
dure was presented by Embacher*!! and Dietz and
Dieterich*2, and is called 'loose complete helicopter
coupling and trim’.

As a constant flight path is assumed, a periodicity of
the loads is required, to obtain the controls for the next
trim iteration (loose coupling). This may in some flight
cases close to the ground (especially in manoeuvring
flight) be difficult to achieve. If a non-periodic solution
is obtained, a tight coupling approach must be used,

in which the loads and deformation are exchanged
and computed in every time step and not in a periodic
flight phase, while the trim target is reached via a pi-
lot model. In this work only the loose approach was
used.

The loads, corrected with CFD data, are computed
according to Ref. 42 with

1) Foe =Fb+Fp  —Fpt

Here the effective loads which are used in CAMRAD ||
are composed out of the two-dimensional data of the
actual 'n-th’ trim iteration and a correction with the
difference between the RANS CFD loads and the
two-dimensional loads of the previous 'n-1-th’ trim.
With the time, the effective loads adapt to the three-

dimensional RANS CFD loads. In the end a conver-
gence is obtained when

2 AR, = Fip—Fpt =0
is achieved. Then the result of Eq.1 depends only on

the three-dimensional CFD data. For a full derivation
of the formulae see Ref. 42.

3.4.1 Wind tunnel

The body polars of the helicopter are necessary to
obtain a valid start solution for the iteration process.
During the trim loop those polars are subsequently
replaced with values obtained by the aerodynamics
code FLOWer. To achieve a fast and stable conver-
gence, those polars should be as accurate as pos-
sible. Therefore, a wind tunnel campaign was con-
ducted by Fahrenkamp!3l. In Fig. 7 the lift coefficient
polar of the complete helicopter configuration without
main rotor blades is depicted for the three velocities of
3m/s (blue), 6m/s (green) and 9m/s (red). These ve-
locities were selected as the low speed forward flight
in ground effect is of interest. At the lowest speed
the quality of the wind tunnel flow is low. Therefore,
and additionally because of flow separations at this
low velocity, the polar is becoming unstable at high
angles of attack (AoA; a), while the sideslip (B) in-
fluence is limited. One has to keep in mind that in
the sideslip direction symmetry was assumed, there-
fore, only the positive angles were measured and then
mirrored. Control measurements have shown, that al-
though the helicopter is not fully symmetric, this as-
sumption is feasible. With higher velocities the polar
is much more stable, also at higher AoA values. Com-
parable results can be found in the other five force
(drag and sideforce) and moment (moments around
all body axes) polars. As the velocities were very
small, it was often hard to minimize the error, because
of the limited flow quality and small absolute forces at
those low speeds. Nevertheless, the overall trend of
the polars looks feasible, and the fact that the polar
data will be replaced by CFD data during the trim pro-
cess leads to the conclusion, that these polars will
serve well for the implemented tool chain.
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Fig. 7. Polar for the aerodynamic lift coefficient
of the helicopter

Qualitative examination For a qualitative analysis it
was important to see the overall behaviour of the
aerodynamics around the helicopter, which was re-
furbished with a newly designed and built fuselage.
Therefore, different velocities were examined to get a
gualitative feeling of the behaviour of the flow. With
regard to the blunt body of the helicopter, the flow is
very satisfying. Different flow visualisation techniques
were employed to visualise these findings. In Fig. 8 a
laser light section on the upper front part of the fuse-
lage is shown. The flow is visualised with oil smoke,
which was injected upstream. It can be seen that the
flow follows well along the body with nearly no dis-
turbances. The flow underneath the body could not
be detected very well, as there was the wind tunnel
mounting system, which had a massive influence in
this region. The conclusion in this sector of the fuse-
lage, which could be drawn with respect to the mount-
ing system, is that the flow follows astonishingly well
along the shape of the hull (see Fig. 9).

Fig. 8. Laser light section flow visualisation
(15m/sand ¢ =0°, 6 =0°, p=0°) [43]

Figure 10 depicts the flow in the upper rear part of
the helicopter. A huge blunt body separation zone is
found. It can be seen that the flow follows the body
and then separates at the sharp edge of the fuselage.
Due to constraints in the way of attaching the fuselage

Fig. 9. Laser light section flow visualisation
(15m/sand @y =0°, 6 =0°, @=0°) [43]

to the helicopter, this region can not be designed in
another way. Therefore, a periodic separation motion
of the flow and consequently oscillations of the forces
on the body will be present, especially in fast forward
flights. As in this examination the ground effect is of
main interest, this will only have a minor impact on the
measurements. Nevertheless, as the forces and mo-
ments at low flight speeds are small, the percentage
of the fluctuations may be high.

Fig. 10. Laser light section flow visualisation
(15m/sand ¢ =0°, 6 =0°, ¢ =0°) [43]

If a high AoA and sideslip angle is chosen, the flow
still follows satisfactory along the body in the front
part, but also shows considerable flow separation in
the upper rear part, which will drastically increase the
drag (see Fig. 11). This separation is much smaller at
lower angles. When the rotor is turning, there will also
be a major vertical flow component compared to a low
forward flight velocity. Therefore, the helicopter body
has to be a compromise between good flow quality at
high and low flight speeds.

The qualitative analysis mirrors the result of the
discussion of the polars. The overall behaviour is
smooth and the flow quality is satisfying. At high an-
gles or at low velocities the flow is becoming more
unstable and the separation moves forward onto the



Fig. 11. Flow visualisation with woolen fila-
ments (15m/sand ¢ = —-12°, 6 = —15°, ¢ = —15°)
[43]

helicopter fuselage.

3.4.2  Structural modelling

The helicopter rigid body motion, attitude angles and
the blade controls, as well as the dynamics of the
main rotor blades and the trim of the complete system
are, as already described, obtained via CAMRAD 1.
To acquire this information, the flight path, the velocity
and the environment conditions are prescribed. The
helicopter possesses one main rotor, where all con-
trols and the elasticity are computed, and one tail ro-
tor, at which the collective setting is coupled. The
speed of revolution at the tail rotor is linked to the main
rotor via the gear box ratio. The airframe polars serve
as input as described earlier. As the modelling com-
plexity is the biggest at the elastic main rotor blades,
this procedure is described in the following.

blade bearing shaft

radial bearing gyia| bearing

individual blade
flapping degree of
freedom

Fig. 12. Rotorhead (according to Ref. [1])

The blade model consists of 16 beam elements
per blade with a higher resolution in the inboard sec-
tion. The swashplate movement is modelled and the

controls are introduced to the blade kinematics via
the push rods. The flybarless rigid helicopter head
features a combination of teeter and flap behaviour.
This is modelled as in Fig. 12 shown with a teeter-
ing movement and an individual blade flapping. The
lag hinge features a damping via the friction between
the blade and the bracket. The pitch motion from the
swashplate is inserted without a damper or spring.
Ten fully dynamic modes per blade were used for cou-
pling at the 26 aerodynamic panels. A uniform inflow
model was chosen, as the computational costs could
be reduced and as the aerodynamics will be replaced
by the RANS CFD solution anyway. Figure 13 gives
an impression about the motion and deformation of a
rotor blade, as the initial blade position and the de-
formed blade, after the initial CAMRAD Il trim, are
shown.

Fig.
(red) and deformed blade (green)

13. Comparison between initial position

As the main rotor blade is modelled aerodynami-
cally in CAMRAD with a NACA0013 and in FLOWer
with the original geometry, which was extracted with a
laser measurement system, a small error is present,
which will also diminish with the coupling converging.

4 RESULTS, COMPARISON, AND
VALIDATION

After the build up of the tool chain and modelling of
the helicopter system, all components, systems and
computational setups were tested separately until full
functionality was achieved*. If a steady flight path is
regarded, there are the following three possibilities to
simulate the measured flight for comparison:

* At the moment the only component which is not fully
operationalis the Kalman-filter, as a special treatment of the
inertial measurement data must be implemented, to reduce
the influence of the rotor vibrations.



1. Prescribe the control settings and attitude an-
gles of the experiment and compare the numeri-
cal forces and moments with the need of a force
free steady flight. Furthermore, the performance
measures may be checked for consistence.

2. Compute a free flight complete helicopter trim
with the experimental height and speed, as well
as the ambient conditions, and compare the con-
trols and attitude of the helicopter with the mea-
sured ones.

3. Steer the experimental flight path and attitude
with the help of a pilot model and compare the
resulting controls.

At the moment the first two alternatives are imple-
mented.

4.1 Flight test

After achieving operational readiness flight tests with
steady flight states were performed. Table 3 gives an
overview about the different testcases. The mean am-
bient temperature was ~ 23°C, while the mean ambi-
ent pressure was = 9560@Pa. The height above mean
sea level of the starting point was 417m. Only very
slow ambient winds from the portside were present
during the flight. Hover flight was examined IGE and
OGE, as well as forward flight IGE and OGE with dif-
ferent velocities. Further on, the flight Nr. 5 is exam-
ined.

Table 3. Flighttests

Nr.  Flight state h/R[-] mean flight
speed [m/g]

1 Hover OGE - 0.23

2 Hover IGE 0.554 Q14

3 Forward OGE - 181

4 Forward IGE 0.72 149

5 Forward IGE 0.69 117

In Fig. 14 the pitch, flap and lag angle of the main
rotor and the pitch angle of the tail rotor are depicted.
A whole flight cycle can be seen, starting with the lift-
off at about time ~ 17s, then the helicopter is stabi-
lized in the air before forward flight is initiated. The
forward flight measurement phase is indicated with
black dashed lines and, it can be seen that during this
phase a quite constant behaviour of the control set-
tings is introduced. Afterwards the helicopter stops
the forward flight and is starting a backward flight until
the landing position is reached.

Figure 15 shows the measured height of the USR
sensor and the GPS longitude and latitude, as well as

pitch angle

flap angle

lag angle

pitch angle tail rotor
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Fig. 14. Results of the Hall-sensors

the GPS measured heading. Again, the different flight
phases may be detected. In these data it is clearly
visible that the forward flight phase is a stationary for-
ward flight with a nearly constant height, heading and
speed.
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JLOG? data is given in Fig. 16. In green the throt-
tle setting is shown, while the grey curve gives the an-
gular rate of the main rotor. The orange curve depicts
the voltage of the batteries and the red one the cur-
rent through the motor. The blue curve illustrates the
power consumption of the motor. During the whole
flight these measures are quite constant and reinforce
the assumption of a steady flight state.

4.2 Computational results

4.2.1 Uncoupled computation

The first simulation possibility was selected to start
the computational validation. The mean collective
pitch of the main and tail rotor were extracted from
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Fig. 16. Logged data of the JLOG2

the experiment. Further on, the longitudinal and lat-
eral setting of the main rotor were determined with
a curve fit from the free flight measurement. As this
computation is not trimmed with CAMRAD II, the con-
trols were set accordingly to the measurements and,
therefore, the computation should lead to a force and
moment free helicopter in constant forward flight. As
the Kalman-filter is not yet fully functional, the pitch
and roll values of the fuselage were estimated from
an initial CAMRAD Il trim.
It is important that a converged flow field in ground ef-
fect flight is achieved. Here 19 revolutions were more
than sufficient to gain a satisfactory convergence of
the numerics and the flow physics. Furthermore, the
last 2 revolutions were taken into account to aver-
age the force and moment measures. Table 4 gives
an overview of the total aerodynamic forces and mo-
ments on the helicopter. It is shown that on the he-
licopter a propulsive force F, a lifting force F, and a
side force F, are acting. The CFD power consumption
of both rotors is Pagro = 351W.

The Figures 17 and 18 show a A;-visualisation of the

Table 4. Results of the uncoupled computation

FN] FyIN] F[N]
~0.21 374 57
Mx[N/m[ - My[N/m| M [N/m|
-17 2.82 ~0.08

flow field after the 19 revolutions. A distinct horseshoe
vortex lies in front of the helicopter forming a recircu-
lating fluid flow. The streamtraces are indicating the
fluid flow. The fluid trapped in the vortex in front of
the helicopter can be seen clearly and also the heli-
cal fluid flow along the horseshoe vortex is present.
In this examination vortices moving upwards along
the horseshoe vortex and recirculating into the rotor
disk area can be found, especially in the front sec-
tion. This behaviour was also present in the exami-
nation of Ref. 29 and may indicate one of the driving

Fig. 17. Ap-visualisation of the flow field after 19
revolutions

Fig. 18. Streamtraces and A, contour on vertical
slice after 19 revolutions

aerodynamic mechanisms for brown-out. These up-
ward moving vortices may contain material and trans-
port it high into the flow field. On the port side of the
helicopter the horseshoe vortex is disturbed from the
tail rotor wake. Fragments are blown up high into the
flow field. The dissipation of the horseshoe vortex,
when exiting the refined mesh region in the back, is
also clearly visible. The vortices of the simulated hub
cap merge with the inner vortices of the blades, in the
center of the rotor disk.

4.2.2 Coupled computation

The coupled complete helicopter simulation was then
performed, to show the applicability of the imple-
mented tool chain. Fig. 19 show the control set-
tings during the different trim iterations. Obviously a
convergence was achieved in the collective pitch set-
ting. Nevertheless, the cyclic settings are not con-
verged perfectly yet, here some more trim iterations
are needed. IGE the forces on the helicopter and the
blades are assumed to be very unsteady, depending
on the flight state and the proximity to the ground.
This is due to the unsteady effects, e.g. vortex re-
flections at the ground and recirculation effects. Con-
sequently, a long time period has to be computed to
assure a sufficiently converged flow field.
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Fig. 19. Control settings during the trim process

The rotor forces of the last 180C° in the second trim
step are depicted in Fig. 20. It can be seen that the
longitudinal and lateral forces are about zero and, fur-
thermore, that the thrust features a considerable os-
cillation. A FFT, shown with the red line, depicts the
frequency content of the thrust development. Oscilla-
tions of up to 60 times per revolution are present and
lead to the oscillatory content. This is the proof for the
assumed unsteadiness described before.

Rotor thrust
ong. force

F I
lat. force
50
40 -

Force [N]
8

57 59
revolution

Fig. 20. Main rotor forces of the last 180deg of
trim 2

4.3 Comparison and validation

4.3.1 Uncoupled computation

To counteract the weight of the helicopter, the aero-
dynamic forces of the uncoupled simulations should
be around Fx =~ ON, F; =~ 2.5N and F, ~ 49N, while the
moments should be ~ ONm. From Tab. 4 it may be
seen that the moments are quite small, but, especially
My, not equal to zero. The forces in x and z direc-
tion match well with the weight, while F is too small.
Therefore, a coupled simulation is needed to com-
pute the exact same flow topology. The power may
be compared to the measured one, if the losses of the
motor and the gear are taken into account. Therefore,

calibration runs were performed in advance. These
lead to an electric loss of Pop = 1.5W, a motor loss
of By = 77W and a gear friction loss of Pg = 19.3W.
In total, the power consumption of the motor will be
Rotal = Pagro+ Pa + Bu + Ps = 4488W. When compared
to the experimental value of Pep = 295N it is seen that
CFD overestimates the experimental measurement.
The comparison of the wake characteristics may be
done with the normalised advance ratio, defined by
Curtiss et al.!]

2 VwCos(a) 2
@)  W=pxy—= S

Cr QR —pA(QR)2
leading to g, ~ 0.3 and p&ep ~ 0.35. With the height
to Radius ratio of h/R=0.69 it can be stated, that
both, the experiment and the uncoupled computation,
are in the transition phase to the state of recirculation,

which coincides well with the visualisation in Fig. 17.

4.3.2 Coupled computation

A higher collective setting as in the experiment was
reached, which was expected after the findings in the
uncoupled simulation run. As it can be expected the
power consumption is now even higher than in the
uncoupled run, as the collective setting is increased,
leading to Psyero = 450N. But, it is now guaranteed, that
the same flow field and same normalised advance ra-
tion is considered.

5 SUMMARY AND OUTLOOK

Summary To overcome the lack of test data for free
flights of helicopters, a model based system was set
up, equipped and tested. Furthermore, a computa-
tional setup was built up and implemented in the tool
chain, modelling a CFD/CSD coupled complete he-
licopter with elastic main rotor blades in a free flight
trim. With this new process it is now possible to val-
idate new models or methods, like the higher order
WENO schemes in FLOWer, or other flight regimes
like ground effect, with respect to the model scale.

It is now possible to perform all necessary flight ma-
noeuvres with data logging. Different free flight tests
were performed and analysed. Unfortunately the ac-
celerometer and gyroscope output is afflicted with a
lot of noise from the rotor vibrations.

The uncoupled computation shows that the CFD code
underestimates the thrust force, while overestimating
the power consumption. The flow regime is repro-
duced well and also the wake effects match well with
the literature. The coupled computation is capable to
capture the qualitatively same flow field as in the ex-
periment. Furthermore, the helicopter is computed
force free. A high oscillatory content is found in the
thrust development of the main rotor. The power con-
sumption is highly overestimated.



Outlook Especially the Kalman-filter is in the current
focus, as the data of the gyroscope and accelerome-
ter feature a considerable influence of the main rotor
vibrations, and here a filtering must be incorporated.
If needed, the experimental test equipment can be ex-
tended with strain gauges at the main rotor blades, as
the measurement system is already prepared to log
this data as well.

After the full operationality of the Kalman-filter is
reached, the already measured data will be post-
processed and the coupled computation may be com-
pared better. In future, further measurements, espe-
cially in manoeuvre flight in ground effect, will be con-
ducted and validated. Also the higher order WENO
scheme will be incorporated in ground effect compu-
tations. Furthermore, the power prediction capability
has to be improved.
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