ID 209

Capability of Helicopter CFD-Simulation
Trimmed to Free Flight Condition
to Predict Flight Test Data

Martin Embacher*, Manuel Keldler*,
Research Associate

Ph.D. Student

Markus Dietz**, Ewald Kramer*
R&D Engineer Professor

* |AG, Universitat Stuttgart, Pfaffenwaldring 21, 70550 Stuttgart, Germany
** Eurocopter Deutschland GmbH, Minchen, Germany

e-mail: embacher @iag.uni-stuttgart.de, kess er @iag.uni-stuttgart.de

ABSTRACT

Thispaper presents a comparison between flight test data and simulation results obtained from trimming a computational
fluid dynamics model of a complete helicopter to free flight conditions. Trim of rotor controls and helicopter attitude is
accomplished by coupling the flow solver with a comprehensive rotor code. Through weak fluid-structure coupling aero-
elastic effects at the main rotor are accounted for. The two cases examined are cruise flight and a condition near minimal
power consumption. Control and attitude angles, mast moments, blade stresses and power consumption are compared to
measured data. Concluding, the usefulness of the free flight trim method for performance prediction is eval uated.

NOTATION

FLOWer DLR’s structured Finite-V olume flow solver
HOST Helicopter Overall Simulation Tool

RANS Reynolds-Averaged Navier-Stokes equations
0o Main rotor collective blade pitch

Ocs Main rotor cyclic blade pitch

Orr Tail rotor collective blade pitch

b Y Blade azimuth / yaw attitude positive nose
right

] Helicopter pitch attitude, positive nose up
(0] Helicopter roll attitude, positive right

Fap" CFD loads transferred to HOST at trimn
Fxp" HOST-internal aerodynamic loads at trim n
Frosr Loads employed by HOST at trim n

Cyy.z Force coefficients,

CwmxMyMz Moment coefficients about hub center,

in the helicopter system of reference:

X Pointing upward
y Pointing rearwards
z Pointing to the right

INTRODUCTION

Aerodynamic interactions between the helicopter rotor
and fuselage (cf. [1]) can take considerable influence on the
helicopter performance and trim state. This is due to the
drag and download incurred by interference. To a minor
degree it also stems from altered rotor inflow at the modi-
fied flight attitude, and from additional hub moments de-
manded from the rotor to counteract the interference loads.
At the same time, rotor-fuselage interference itself depends
on the trim state.

Presented at the 37" European Rotorcraft Forum,
September 13-15, 2011, Gallarate, Italy.

Computational fluid dynamics (CFD) enables simula-
tion of complete helicopter configurations and inherently
captures interference. To determine its effect on the heli-
copter trim state, coupling the flow solver to a structural
dynamics (CSD) and flight mechanics program is neces-
sary. In the standard application, such coupling accounts
for the aeroelasticity of the rotor blades and performs the
task of rotor trimming by adjustment of collective and
cyclic pitch angles. This manipulation of three trim
variables commonly is referred to as “wind tunnel trim”, as
it is geared towards the reproduction of wind tunnel experi-
ments with pre-defined rotor mast orientation. With the
rotor held in place by the mounting fixture of the wind
tunnel balance, thrust and moments are parameters that are
precisely measurable and that are representative of the
aerodynamic and dynamic state of the rotor. Hence
matching the measured values usually warrants optimal
conditions for the aeroelastic part of the simulation task.
However, as the wind tunnel trim is based on a fixed
orientation of the rotor axis, it has only limited appli-
cability to the study of redlistic flight situations; in flight
the rotor axis varies as the helicopter assumes an attitude
that corresponds to an equilibrium of loads for the entire
aircraft. In the case of steady unaccelerated flight, weight
and aerodynamic loads arising at the fuselage, the empen-
nage and through engine thrust need to be balanced by the
rotor loads in al axes; this requires to raise the number of
load objectives accessible through trim from three to six.
Accordingly, the formerly three main rotor control inputs
are supplemented by two attitude angles and by the tail
rotor collective. They thus form a set of six independent,
usually coupled, control inputs, and the expanded trim pro-
cedure istermed “free flight trim”.

Previous work in the direction of free flight trim was
presented in [2] and [3], where trimming the mast
orientation was included in the coupled isolated rotor sim-
ulation to predict vibratory loads for level flight cases of
the UH-60A Airloads Program. Fuselage loads were ob-
tained from wind tunnel experimentsin this reference. Also
in the context of the UH-60A program, and investigating a
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steady as well as an unsteady maneuvering flight condition,
a tight fluid-structure coupling scheme at the rotor blades
was embedded in an inverse flight mechanics smulation in
[4]. Again, the isolated rotor was simulated and fuselage
aerodynamic loads were obtained from table look-up.
Reference [5] includes the fuselage in the CFD model of a
tandem helicopter configuration, but in trimming an empir-
ical model for fuselage lift, drag and pitching moment was
used. In [6] tabulated fuselage data is used in conjunction
with CFD determined interference loads. Steady flow
simulations with and without actuator disk provided the
load component due to interference. For various flight con-
ditions of an NH-90 like configuration the impact of rotor-
fuselage interaction on the trim state was estimated.

The present study considers a free flight trim of a com-
plete EC145 helicopter CFD model, including fluid-
structure coupling at the rotor blades. It congtitutes a direct
continuation of the work in [7], with the focus now placed
on the applicability of the method to predict experimental
free flight results. Another emphasis is on the dependence
of trim state prediction on model features such as engine
flow modeling and skid-fuselage interference. Flight test
data obtained by Eurocopter is used as experimental refer-
ence. Two cases are examined; the first case covers the
high speed cruise regime and essentially is identical to the
subject of the trim scheme convergence study in [7]. It has
been re-computed with an updated model for main and tail
rotor and complete blade |oad transfer to enable a meaning-
ful comparison to flight test data. The second case repre-
sents an intermediate flight speed condition near the mini-
mum of the power curve. The discussion of resultsin com-
parison to the measurement data is followed by consider-
ations on the usefulness of the free flight trim method for
performance prediction.

NUMERICAL MODELS

For brevity, the following section contains a description of
the essential coupling functionality; details on the scheme
may be found in the preceding paper [7].

Flow Solver

The CFD method used is the structured Finite-Volume
RANS scheme FLOWer developed by the german aero-
space research center DLR. FLOWer solves the three-
dimensional, compressible and unsteady Reynolds-
Averaged Navier-Stokes equations using a Finite Volume
method on block-structured meshes. The equations are for-
mulated in a non-inertial reference system with explicit
contributions of centrifugal and Coriolis forces to the mo-
mentum and energy equations. Convective fluxes are com-
puted using the JST scheme [8] which uses 2nd order
central differences with artificial dissipation for stabiliza-
tion. For unsteady flow calculations the dual time stepping
technique with a second order implicit time integration
operator is employed [9]. The integration in pseudo time is
carried out using a 5-stage hybrid Runge-Kutta method.
Furthermore, FLOWer includes the Arbitrary Lagrangian-
Eulerian (ALE) formulation which facilitates the computa-
tion of deforming meshes by adding whirl-fluxes. The
Geometric Conservation Law (GCL) evaluates the cell vol-
umes of the deformable mesh consistent to the cell face

velocities. This ensures the preservation of uniform flow on
deformable grids. The Chimera technology of overlapping
grids alows for relative motion of the deformable grids
[10]. Chimera connectivity is determined using hole cutting
and interpolation.

Aeromechanics Code

The Eurocopter in-house comprehensive rotorcraft
code HOST [11] is mainly used for flight mechanics pur-
poses and enables the study of single helicopter compo-
nents like isolated rotors as well as complete configu-
rations. HOST trims the rotor based on a blade element
formulation with 2D airfoil tables. Airframe component
aerodynamics is provided by polars. HOST includes an
elastic blade model which considers the blade as a quas
one-dimensional Euler-Bernoulli beam. It alows for de-
flections in flap and lag direction and elastic torsion along
the blade axis. Rigid segments are connected through
virtual joints, allowing for geometrical nonlinearities.
Possible offsets between the local cross-sectional center of
mass, aerodynamic center, tension center and shear center
are accounted for, thus coupling bending and torsional de-
grees of freedom. According to a Rayleigh-Ritz approach,
blade deformation is expressed by modal shapes in the
radial direction and associated time-dependent general
coordinates. The modal basis is obtained by an eigenvalue
analysis of the beam in vacuum, resulting in coupled flap
and lag mode shapes and decoupled torsion modes.

Fluid Structure Coupling and Trim

The implementation of free flight trim option is based
on the extension of the existing rotor load coupling be-
tween the CFD solver and the aeromechanics code (cf [12])
towards a transfer of both rotor and fuselage loads.
Figure 1 illustrates the general options for data exchange
when coupling a CFD solver and a comprehensive rotor
code.
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Figure 1: Schematic of data exchange between flow solver
and aeromechanics code.

In the case of classical isolated rotor simulations in
CFD, only blade loads are forwarded and take corrective
influence on the comprehensive code’'s smplified aerody-



namic model. If fuselage aerodynamic data in the form of
separately generated polars is made available to the com-
prehensive code, a simplified variant of free flight trim
would be possible with this setup; however, this approach
does not take interference effects between the rotor wake
and the fuselage into account. Alternatively, when a
complete helicopter is modeled in CFD, both blade and
fuselage loads including the effects of interference are
transferred and enter the trim state prediction. Fluid-
structure coupling between FLOWer and HOST is done in
a “weak” fashion, i.e. periodic loads are exchanged. Con-
versely, the set of trim variables calculated by HOST and
forwarded to the flow solver equally describes a periodic
state. The specific steps of the iterative coupling procedure
are asfollows:

1. HOST determines an initial trim state based on its
internal aerodynamics. This state is termed “trim 0.
FLOWer caculates loads for the blade motion and
fuselage attitude provided by HOST.

2. In the subsequent trim iteration, HOST employs the
FLOWer load data to correct itsinternal aerodynamics.
Accordingly, load coupling isimplemented by setting

FHnSéT = ano+l + (F3r|13 - anD ) eq. 1

Superscript n denotes the trim iteration count, and Fzp"
and F,p" are the CFD and HOST loads from the
previous cycle, respectively. Their difference repre-
sents the aerodynamic correction applied. In the cur-
rent trim iteration n+1, trim variables are adjusted such
that internal aerodynamic loads F,p™, corrected by
the term in brackets, yield a load Frosr™™ that fulfills
the trim objective. Adjustments are based on the trim
Jacobian established from HOST-internal aerody-
namics.

3. FLOWer loadsfor the trim n+1 are calcul ated.

Steps 2 and 3 are repeated until convergence of the
trim variables. In the trimmed state, CFD loads replace the
comprehensive code aerodynamics, Fuosr+ = Fap". The
entirety of aerodynamic loads is in balance with the
helicopter weight in the tempora mean, and a dynamic
equilibrium is established at the rotor blades. By fulfilling
the integral load balance in the temporal mean despite the
periodic oscillation of main rotor thrust and the short-term
variations of fuselage loads, rigid body oscillations of the
helicopter as a whole are filtered out. Accordingly, only
average values of the fuselage loads are transferred, with
the averaging interval extending over at least one and up to
five rotor revolutionsin the present study.

Blade loads calculated by FLOWer are delivered to
HOST in the form of line loads. In addition to transferring
sectional lift, drag and pitching moment (asin [7]), aso the
radial load component is exchanged. Furthermore, the
treatment of CFD loads on HOST side has been revised to
improve conservativity of the load exchange; previously,
the line load attributed to one HOST aerodynamic panel
was considered constant over its span and was obtained
from interpolating the CFD loads at the panel midpoint.
This approach is not strictly load conservative for non-
linear load variations and lacks the free moments acting

about the panel midpoint due to load gradients. Although
these errors become small at sufficient discretization in
HOST, the interpolation was replaced by a strictly conser-
vative method based on integration. The line loads from
CFD are integrated over the panel span, and likewise mo-
ments acting about the panel collocation point are
determined from the CFD load distribution. The relative
error between total rotor load in CFD and transferred loads
was tested to be less than 0.02% in force at the trimmed
state of the cases studied.

A load input termed “other loads’ in Figure 1 is used
to introduce time averaged hub loads, which are not
covered by the CFD model but were obtained from wind
tunnel measurements. If the landing gear is not represented
in the simulation, additional estimates enter HOST at this
point. Since no load coupling at the tail rotor is
implemented to date, tail rotor thrust in the CFD simulation
was trimmed to the thrust calculated by HOST based on a
sensitivity study. The HOST value, ensuring yaw moment
balance at the current trim iteration, is considered as objec-
tive for the manual setting of tail rotor collective.

Smulation Setup

The sructural model of the main rotor employed
during several early trim cycles features 43 beam elements
and a modal deformation basis of eight radial eigenforms
and five higher harmonics of the rotor period. The
upgraded version used for final trim convergence is based
on 60 beam elements; hinge characteristics are adapted to
improve pitch-lag coupling, and blade motion is resolved
with eight harmonics, four flap modes, three lead/lag
modes and three torsion modes.

The CFD mesh is composed of 11 Chimera multi-
block grid components, which are the fuselage mesh, four
main rotor blade meshes, two tail rotor blade meshes and
four additional grid structures generating the skid landing
gear. Table 1 lists the dimensions of each component. The
fuselage mesh serves as a background mesh, i.e. it expands
to the far field where characteristic boundary conditions are
prescribed. The landing gear is attached to the cabin
bottom side using Chimera with overlapping walls. In the
overlapping area around the cabin-skid junction, surface
patches with coinciding boundaries are defined in the
fuselage mesh and the attached cross-tube meshes to enable
acorrect load evaluation.

Table 1: Dimensions of grid system.

Blocks Cells

Main rotor blades 4% 35 4 x 1.750.016
Fuselage 94 8.487.680
Skids 112 6.936.064
Tail rotor blades 2x11 2 x 1.382.400
Total 392 25.188.608

Engine exhaust and air intake are modeled by setting
characteristic boundary conditions at the inlet and outlet
surface segments. At the outlet, uniform values for total
pressure, total temperature and flow direction are specified.



The condition at the inlet requires static pressure to be set.
Using the mass flux coupling function of the code, inlet
static pressure is adjusted according to

Ap=¢ poo(mlN/rhOUT _1)’ eq. 2

where ¢ is a relaxation parameter, set to & = 0.10, and M,

and M, are the integrated mass fluxes. Adjustments take

place at every subiteration of the dua time stepping
scheme. To date, such automatic adjustment is not imple-
mented for the outlet; therefore, the overall mass flux is
controlled by manually setting and re-adjusting the total
pressure and temperature at the outlet. Mainly as an effect
of blade passage the back pressure at the exhaust is
unsteady, which causes the mass flow to fluctuate at an
amplitude of approximately 6% to 7% about the mean
value. With the mass flux coupling relaxed by & = 0.10 the
oscillations are reproduced without problems at the inlet.
Target vaues for average mass flow and exhaust
temperature are obtained from flight test data and are
considered fix, i.e. no correlation with simulated power
consumption is considered. For the turbulent kinetic ener-
gy free stream values are prescribed at the outlet boundary
for lack of information on the actua conditions within the
gjector. Further information on the engine boundary con-
ditions can be found in [13], where the model is discussed
for a nearly identical case. The thrust associated with the
pressure and momentum change between intake and outlet
is coupled into the load balance via the load input termed
“other loads” in Figure 1.

A physical time step of 1° main rotor azimuth is
chosen for all simulations, based on the satisfactory results
with this resolution in previous applications of weak
coupling to isolated main rotors. To converge in pseudo
time 40 inner iterations are used. For the closure of equa-
tions the Wilcox k- turbulence model was selected.

Since the free flight trim procedure requires attitude
changes of the helicopter, an unsteady motion of the mesh
system is specified to reorient the helicopter within the first
90 time steps of a new trim cycle. This way, the change in
inflow direction is the effect of whirl fluxes, which was
found to be faster than sole convection of new boundary
conditions.

The two simulated flight cases are steady forward
flight conditions at 136kts (advance ratio p = 0.32) and at
70kts (n = 0.17). An impression of the rotor and fuselage
wakes at 136kts can be gained from the A, visuaization in
Figure 2.

Figure 2: FLOWer simulation of EC145 helicopter, p=0.32.

The 136kts case initialy is simulated without skids and
engine model, using an estimate for the skid loads and for
the related interference loads. This estimate has been
obtained by comparing two simulations of the same trim
state with and without the skid landing gear. The fuselage
yaw, pitch and roll angles in this state were
v =-1.62°, @ =-0.63°, ® = -2.26°. More details on the in-
terference study can be found in [7]. After trim conver-
gence of the baseline simulation, the Chimera mesh com-
ponents that generate the landing gear are re-introduced in
order to verify the skid load assumption. Finally, a simu-
lation featuring the skids and engine modeling is carried
out also for the trim state obtained with the baseline
configuration. The setup for the simulations at 70kts em-
ploys the skids and the engine model during all trim cycles.
For the converged trim state, an additional simulation with
prescribed laminar-turbulent transition at the rotor bladesis
carried out.

TRIM CONVERGENCE
General Procedure

Flight test data contains measurements of the fuselage
pitch and roll angle, but lacks a precise recording of the
yaw angle. Therefore atrim law was chosen that prescribes
the measured roll-left attitude of @ = -2.26°, while fuselage
pitch angle and the unknown yaw angle are free to develop
in the course of trimming. In combination with the main
rotor controls 0, O¢, 65 and the tail rotor collective angle
O1r SiX inputs are obtained that allow to trim the helicopter
towards the force and moment equilibrium in all three
axes.The trim history of the 136kts case is shown in Figure
3, where main rotor control angles are plotted over trim
cycle, and in Figure 4 which contains the tail rotor collec-
tive and the attitude angles. Control angles are given as
offsets from the flight test value. Trim O designates the
HOST stand-alone solution, while subseguent trim cycles
are trim predictions based on CFD load coupling. The
entire trim process extends over eleven iterations. This
duration is not representative of the convergence rate as
several modifications of the HOST model are implemented
at trim cycles 5 and 7. The upgrade of the structural model
of the rotor at trim 7 is followed by disturbances partic-
ularly visible for the main rotor collective angle. As the
modifications mainly affect the main rotor controls and
elastic blade motion, two trim cycles from trim 10 onwards
are carried out by updating only the rotor loads, while the
fuselage load correction is kept unchanged. These “sub-
iterations’ are numbered 10-2 and 10-3. Exclusively con-
verging the trim and aeroelastic state of the rotor saves
computational time as the determination of rotor loads by
CFD requires simulation times in the order of only one
rotor revolution. On the contrary, fuselage loads are highly
irregular due to flow separation at the rear cabin closure,
and precise mean values can only be obtained by averaging
over severa rotor revolutions. Therefore, CFD simulation
time per trim cycle ranges in between two and four
revolutions except for sub-trims. The final trim state, cycle
11, is based on a three-revolution-average of fuselage loads
obtained from simulating four revolutions of the state 10-3.
Small changes below 0.01° of the trim variables confirm
convergence at this point. Therefore no CFD simulation is
carried out for state 11, which is signified by the dashed
line. Convergence can also be expressed in form of residual



accelerations of the helicopter. Subtracting helicopter
weight from the CFD loads of trim state 10-3, the deviation
from unaccelerated flight is determined as less than
0.020nV<? in translation and 2.4deg/<? in rotation.
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Figure 3: Trim history of main rotor control angles, 136kts.
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Figure 4: Trim history of tail rotor collective angle,
fuselage yaw angle v and pitch attitude ©, 136kts.

The computational effort to reach this state can not
directly be recognized from the trim history due to the
intermediate HOST modifications. Dashed lines from trim
7 to trim 8 mark atrim state prediction by HOST that indi-
cates convergence of the process before the major upgrade
of the rotor model in HOST. This suggests that not more
than seven trim iterations are necessary, which are based
on a total of 28 rotor revolutions simulated by CFD.
Aiming at aless converged state, i.e. permitting control and
attitude angle deviations greater than 0.01°, considerably
reduces the effort in this case.

The trim evolution of the 70kts case is summarized in
Figure 5 and Figure 6. Similar to the 136kts case the up-
grade of the HOST model introduces disturbances at trim
5, and convergence of the rotor trim state subsequently is
advanced by two sub-iterations 5-2 and 5-3. Trim 6 issim-
ulated in CFD over four rotor revolutions in the standard,
fully turbulent boundary layer treatment. Load averaging
over the last three revolutions yields the HOST prediction
of trim 7. This state is not completely converged, since the
yaw angle in particular still develops. Variations in main
rotor controls and pitch attitude however are small, and
because of limited computational resources the trim pro-
cess was concluded. In total 26.5 rotor revolutions were

simulated. Residual accelerations derived from the CFD
loads for trim state 6 are less than 0.015m/s? and 1.7deg/s?.
Compared to the 136kts case, deviations from the equi-
librium state in terms of attitude angles generate less accel-
eration due to reduced dynamic pressure at the fuselage.
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Figure 5: Trim history of main rotor control angles, 70kts.
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Figure 6: Trim history of tail rotor collective angle,
fuselage yaw angle y and pitch attitude ®, 70kts.

INFLUENCE OF MODELING DETAIL
70 kts Case, Prescribed Transition

The second HOST prediction of trim state 7 in Figure 5
and Figure 6 is based on a CFD simulation utilizing pre-
scribed transition at the rotor blades. Restarting the sim-
ulation from the fully turbulent solution, one rotor revolu-
tion is calculated. The trim change is caused by updated
rotor loads only, while the fuselage aerodynamic correction
is kept unchanged. Turbulence production is suppressed in
alayer stretching over 20% of chord on the upper and 60%
of chord on the lower blade surface, independent of radius
and blade position. These values are chosen heurigtically,
inspired by areport [14] on transition locations observed in
a full-scale hover experiment. The main purpose of this
simulation is to compare the relative reduction of power
associated with this laminar flow prescription for the 70kts
case and for a regular cruise speed condition. Since power
consumption is nearly halved at 70kts, the reduction affects
a considerably higher fraction of total power. In [15], an
isolated rotor of the same type was simulated with
FLOWer at a cruise flight situation similar to the 136kts



case. Prescribing transition at 10% and 60% chord on the
upper and lower surfaces, total power was reduced by ca.
4%. This compares to a difference in power consumption
of 8.2% between the two states of trim 7 of the 70kts case.

136 kts Case, Setup including Skids

Subsequent to trim convergence of the 136kts baseline
case, the same trim state 10-3 is simulated with a CFD
setup including the landing gear. Load difference of both
configurations is obtained after averaging over three rotor
revolutions. Skid loads and fuselage load due to interfer-
ence are summarized in Figure 7 and Figure 8.
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Figure 7: Skid loads and interference effect on fuselage due
to inclusion of skids, force coefficients, Trim 10-3.
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Figure 8: Skid loads and interference effect on fuselage due
to inclusion of skids, moment coefficients, Trim 10-3.

The bars colored in light grey represent the skid load
estimate used in trimming the baseline case. This estimate
was obtained in the same manner from a pair of simula
tions; the trim state however differs, besides the rotor trim,
by Ay =2.7°and A® = -2.2°, i.e. more yaw to the left and
nose-down pitch attitude. Accordingly, the skid loads
dlightly differ in download and lateral force. More signifi-
cant is the change in skid drag, which to some extent is
caused by differences in flow separation along the rear
cross-tube. Most of the difference stems from changed
lateral interference force.

A discussion of the validity of the CFD method to pre-
dict interference, which is for the most part an effect of al-
tered separation patterns, shall not be attempted here. The
results rather are given to approximately illustrate the vari-
ability of the interference with changes in trim state, and in
order to relate the trim changes caused when updating the
interference estimate.

Table 2 lists the trim 11 states for all variants of the
136kts case. Besides the converged baseline case which
uses only the symmetric load components (ACyx, ACy,
ACyz ) of the skid load estimate, the result of applying all
load components of the estimate is given. This can directly
be compared with the trim prediction based on the simula-
tion including the skids. Besides yaw attitude, the trim
variables are not much affected by the update of the skid
loads since the overall symmetric load components change
little. Hence, employing the skid load estimate with the
trim-sensitive asymmetric components disregarded proves
a useful simplification in the present case if the yaw angle
isof no particular interest.

Table 2: 136kts case, trim 11 result for different variants.

Trimll  6g-forr Oc- Ocrr Os Oser B1r-0 O -Ofr hd
Baseline,  y 73 051 051°  325° 0200 L104°
symm.

Baseling 1710 os1° 053" 347 021°  056°
complete

& Skids 1.68° 0.68° 0.60°  -243° 0.22° 0.84°

& Skids,

. 1.48° 0.74° 0.10° -3.74°  0.96° 0.63°
Engine

136 kts Case, Setup including Skids and Engine

To investigate the influence of engine thrust and
exhaust-airframe interaction on trim and power consump-
tion, trim 10-3 is also simulated with the engine model
activated. The landing gear remains part of the setup. Eight
rotor revolutions are simulated in total to alow averaging
over five revolutions, which is necessary as the flow
becomes substantially more irregular upon activation of the
engine model in this case. Subharmonic components cause
overall load deviations in the order of ACx > + 0.1,
ACy > £ 0.1 and AC; > + 0.2 from the average values
Cx =-11, Cy =09 and C; = 0.6. Irregular drag variation
primarily is introduced at the rear cabin closure, while
lateral disturbance originates to a great part at the other
cabin parts and the engine fairing. It seems that flow
spillage sidewards off the engine intakes, which changes
when the engine mass flow varies in response to unsteady
conditions at the outlet, plays arole here. The stabilizer and
vertical control surfaces occasionally generate short load
peaks.

Load changes from engine activation are determined
by subtracting the average loads from three revolutions of
the trim 10-3 simulation with just skids. Results are given
in Figure 9 and Figure 10. The direct load difference not
caused by interference at inlet and outlet, which is taken
here as the momentum change plus the pressure force
variation caused by activating the engine model, reduces
total drag by 14%. Approximately half of the propulsive
effect is cancelled by interference drag. Download on the
stabilizer and lateral force on the endplates generate
significant pitch and yaw moments. Both drag reduction
and nose-up moment cause the decrease in collective pitch
of AB = -0.20° and the increase in fuselage pitch angle of
A® = 0.74° shown in Table 2. The lowering of 65 is an
effect of the pitch attitude change.
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Figure 9: Load changes from activated engine model,
force coefficients.
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Figure 10: Load changes from activated engine model,
moment coefficients.

The interference effect of the exhaust plume on the
rotor inflow is remarkably small. Local modifications in
sectional lift are less than 1.8% of average sectional lift.
Total thrust change through engine effects is less than
0.01%, and rotor overturning moment changes by
ACpyz = 0.13. The dlteration in rotor roll moment is negligi-
ble, and torque is reduced by 0.11%. Note that all changes
are recorded with exactly the same blade motion, i.e. before
re-trimming. The lift changes are entirely due to the dis-
placement effect of the exhaust plume, there is no direct
interference of the low-density exhaust gas with the rotor.

COMPARISON TO FLIGHT TEST DATA

In addition to the rotor control and attitude angles,
measurements of mast bending moments, stabilizer root
bending moment, pitch link load, blade stresses, engine
shaft torque and tail rotor transmission torque are available
flight testing for both cases. Unless noted otherwise, flight
test data of the 136kts case is compared to simulation
results of the baseline configuration in trim 10-3, and for
the 70kts case simulation data corresponds to trim 6.

Bending stress sensors attached to the root of each
stabilizer wing respond to both stabilizer download and
endplate lateral force as the endplate aerodynamic center is
above the sensor. Therefore, these two sources of bending
moment are distinguished in Figure 11 and Figure 12. Asa

result of this combination effect, mismatches in either
lateral or vertical load can not be detected separately. A
comparison with the mast bending moment given in the ad-
jacent diagrams however suggests, that an important part of
the discrepancy in stabilizer bending moment stems from a
difference in vertical loading. In the 136kts case as well as
in the 70kts case, the simulation predicts a higher nose-
down bending moment exerted by the rotor on the fuselage,
which likely is required to compensate the nose-up pitching
moment from the download surplus at the stabilizer.
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Figure 11: 136kts — Left: Downward bending moments at
root of each stabilizer wing. Right: Mean rotor moments.

Left-right comparison of the stabilizer bending moments
turns out similar in both cases; both measurement and
simulation generate less stress in the left sensor, which
probably is due to the reversed-flow region and reduced
downwash of the main rotor that affects both the left
endplate and left stabilizer wing. Generally, the canted end-
plate produces lift towards the right which bends the left
wing upward, while flow deflection by tail rotor thrust re-
duces the endplate load to some extend.
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Figure 12: 70kts — L eft: Downward bending moments at
root of each stabilizer wing. Right: Mean rotor moments.

The treatment of mast bending moment takes the second
load path via the rotor control links into account. Mast ben-
ding measurements are obtained from strain gauges within
the rotor shaft, hence moments generated by the pitch link



loads have to be added to obtain the overall moment exer-
ted by the rotor on the fuselage. Moment transmitted by the
pitch link loads generally is nose-up in both cases, whichis
due to their attachment on the trailing edge side and blade
lag in the forward position. Roll moment of the rotor is
reproduced well in the 70kts case. Sinceroll attitude is con-
stant, hub moment generated by weight can be disregarded
and the additional roll-left moment in the 136kts simulation
is required to compensate an aerodynamic load difference
at the fuselage. Thisload may stem from insufficient nose-
right attitude.

Figure 13 compares simulated and measured bending
moments in the blade neck for the 136kts case. Mean
values have been removed since strain gauge calibration
took place at an unknown blade deflection at rest. The
2/rev component of flatwise bending (normal to the local
blade chord), which is mainly generated by the 2™ flap
mode, is well reproduced. For the blade positions between
y = 160° and y = 260° the simulated downward bending is
higher, while around y = 0° the upward bending moment
dlightly exceeds the measured values. This corresponds
well with the higher nose-down and roll-left mast moment.
Edgewise bending mainly is 1/rev periodic, with higher
amplitude in the simulation. Assuming that differences in
flatwise bending connect to the 1% flap mode, part of the
deviation in edgewise moment may be explained by
additional lead/lag motion induced by the Coriolis effect.
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Figure 13: Bending moments in the blade neck, r/R=0.095,
136kts case. (Positive for downward / forward bending)
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Figure 14: Pitch link load and torsion moment at r/R=0.30,
136kts case. (Positive for tension / nose-up twist)

Torsional blade stressis recorded at approximately one
third of blade span. Figure 14 shows that torsional stress at
this location corresponds well with tension load in the pitch
link, which is attached at the trailing edge side. The simu-
lation predicts the trend in the first three quadrants but
significantly deviates in the last quadrant. Load fluctua-
tions at ca. 10/rev occur in the simulation. High lift in com-
bination with blade lead causes the peak in torsion and
pitch link load around v = 330° in the simulation.

For the 70kts case, flatwise bending stressin Figure 15
is well reproduced apart from rear blade positions; in this
region higher upward bending is ssimulated, which is in
accordance with the increased nose-down mast moment.
Similarly, edgewise bending agrees with the measurement
except around y = 0°. The wakes of rotor hub and cap
possibly have an influence at the nose-up attitude of the
70kts case, whereas simulation results indicate no interfer-
ence of exhaust gas with the rotor. Simulated torsion and
pitch link loads show some features of the measured data
but vary in the 1/rev component, see Figure 16.
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Figure 15: Bending moments in the blade neck, r/R=0.095,
70kts case. (Positive for downward / forward bending)
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Results for main rotor and tail rotor power consump-
tion for both flight speeds and the different configurations
are summarized in Figure 17. The dataiis given as a percen-
tage of the flight test values. Actual main rotor power is
reconstructed from the measurement of engine shaft torque
by estimates for gear box and auxiliary device losses.
HOST results are from stand-alone calculations, i.e. with-
out FLOWer coupling, but are based on airfoil tables con-
sidering laminar flow.
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Figure 17: Power consumption in comparison to flight test.

For the baseline configuration, 106.5% of actual power
isrequired in the converged trim state 10-3. The update to
trim 11 based on the simulation including skids mainly
improves the prediction for tail rotor power, which is due
to considering lateral skid interference loads. Evaluating
the simulation of trim state 10-3 with both skids and engine
effects modeled, the trim update predicts main and tall
rotor power consumption within less than 4% from the
flight test values. The various effects of engine modeling
on performance prediction are discussed in the next
section.

For the 70kts case the simulation includes skids and
engine external flow; in the nearly converged trim 6 power
consumption is overestimated by 15.5% for the main rotor.
One subsequent trim update based on a simulation of trim
state 6 with prescribed transition reduces main rotor power
to 106% of the actual value.

The additional 4% of power predicted for the 136kts
case may be explained by the fully turbulent treatment of
this case; however, considerable difference in fuselage drag
due to the lack of antennas, window sills etc. in the CFD
model as well as the artificial viscosity applied till is a
source of errors, although they partly might compensate
each other. Flow separation from the cabin rear is a genera
problem. Due to reduced dynamic pressure at the fuselage,
these factors are less influential in the 70kts case; never-
theless, the underestimation of nose-up attitude in com-
bination with higher nose-down mast moment indicates
that higher drag prevailsin the simulation.

Differences in control angles are difficult to judge as it
is suspected that there are still deficiencies in modeling
torsional coupling effects at the rotor blades. The increased
cyclic angle 6¢ in both cases corresponds to the additional
nose-down mast moment. A test for the 136kts case yields
nearly the same value as in the flight test when the rotor is

trimmed towards the measured mast moment. Under-
estimation of tail rotor collective partidly is due to
suppressed see-saw motion in the CFD model.

REVIEW OF FREE FLIGHT TRIM w.r.t
PERFORMANCE PREDICTION

Helicopter performance can be analyzed by splitting
up total power consumption of the main rotor into power
absorbed by overcoming the fuselage drag, and into the
fraction of power expended at the rotor in the generation of
the vertical lifting force component (cf. [16]). This
approach differentiates shaft power by losses due to the
propulsive and the lifting tasks of the rotor. The latter part
of power expenditure is attributed in energy methods to the
induced and profile drag that are alotted to the vertica
lifting force. In the present treatment, it also encompasses
the power losses from hub drag. The power share
dissipated by the “parasite’ drag of the fuselage and tail
rotor can be calculated by multiplying the horizontal rotor
propulsion force with flight speed. The division of
propulsive power between main and tail rotor depending on
tail rotor axis inclination is considered this way, but tail
rotor performance is not analyzed further here. Subtracting
parasite drag related power from total main rotor power,
the power used at the rotor for (vertical) lift generation can
be estimated. Division by flight speed converts the lifting
power into an “equivalent” drag force D, which can be
related to vertical lift L to form an “equivalent” lift-to-drag
ratio L/D of the rotor. As this lift-to-drag ratio is obtained
after factoring out the losses inferred by the rotor's
propulsive work, which depends on the fuselage design, it
is a suitable parameter to evaluate rotor efficiency.

A performance analysis of this kind is used in the
following to estimate the usefulness of the free flight trim
method for performance prediction. The analysis is carried
out for the 136kts case. Considering the equilibrium state
of trim 10-3 as the reference solution, changes in the
various power shares are monitored while disturbing the
equilibrium state by longitudinal force perturbations ACy
and pitching moment perturbations ACyz. The pertur-
bations are additional loads applied at the center of gravity
and can be understood as the load difference to a solution
obtained from an alternative helicopter load prediction
method. For instance, if the aternative method does not
comprise rotor-fuselage interference effects, the pertur-
bations are considered as the load difference invoked by
the omission of interference. They equally can be under-
stood as errors in the interference load prediction, or to
some extent also as errors in overal load prediction in
comparison with the real loads in the flight test. The per-
turbed state is the result that would be obtained with the
alternative load prediction method.

All perturbations are applied to the HOST model while
the aerodynamic correction from CFD is retained or par-
tially updated. HOST further operates in the free flight trim
mode and changes in helicopter pitch and yaw attitude
occur upon perturbation. For the longitudinal load pertur-
bations of ACy = £ 0.1 , the trim changes predicted by
HOST would be reasonably accurate without updating the
aerodynamic correction terms. Nevertheless, the trim cal-
culation is carried out employing CFD coupling to improve



accuracy. In case of the pitching moment perturbations of
ACyz = * 1.0, the Pitt & Peters inflow model used in
HOST is not capable to predict the power changes, and the
use of CFD coupling is necessary. As with the procedure of
trim “sub-iterations’ described above and used to converge
the rotor state after remodeling the structural rotor model,
the update of aerodynamic loads only encompasses the
rotor loads. Fuselage load correction is kept unchanged, i.e.
the correction term used in determining the trim 10-3 is
retained. This way, fuselage load changes occur according
to the gradients of the HOST internal model, which does
not derogate the validity of the study as the perturbations
also can be understood as deviations from linear fuselage
aerodynamics. Two re-trims are carried out following the
initial trim prediction with the perturbation applied. CFD
simulation time for the first retrim is one half revolution,
including one quarter revolution for the helicopter attitude
adjustment. The second retrim is based on the CFD sim-
ulation of one complete revolution and leads to a state
sufficiently converged for power analysis. Hence, four new
trim states were calculated with each state converged by
two cycles of rotor load coupling.

Results are summarized in Table 3 for the longitudinal
force perturbations ACy = * 0.1 and in Table 4 for the
pitching moment perturbations ACyz = + 1.0. State varia-
tions are described in terms of changes in pitch attitude
A®, in pitch moment ACy; exerted by the rotor on the
fuselage, in rotor vertical lift, in rotor horizontal force
(positive to the rear), in rotor lift-to-drag ratio AL/D, and in
terms of power changes AP attributed to different compo-
nents. These power changes are given as percentages of the
CFD determined power for trim 10-3. The power change
attributed directly to the perturbation is equal to the pertur-
bation force times the flight speed, and does not occur for
the moment perturbation. Fuselage drag modifications in
consequence of attitude variation are likewise converted
into power changes. The fuselage lift change is related to
the lift of the perturbed state and multiplied by the rotor
power share used for lift generation. The influence of
altered rotor efficiency on power consumption is measured
by a power change computed from the L/D variation; this
value is calculated by multiplying the relative change of
L/D with the lift-associated rotor power. The direct and
three indirect power changes sum up to the total change in
shaft power.

Table 3: Trim state change upon longitudinal
force perturbation at the center of gravity.

Drag Perturbation ACy 01 -0.1

AQ Pitch Attitude (deg) -0.373 0.375
ACyz Rotor Moment ) -0.035 0.039
A Rotor Lift ) 0.057 -0.059
A Rotor horizontal force (-) -0.106 0.106
AL/D Rotor (%) -0.589 0.357
AP Perturbation (direct) (%) 3.036 -3.035
AP Fuselage Drag (%) 0.188 -0.187
AP Fuselage Lift (%) 0.302 -0.310
AP Rotor, L/D (%) 0.416 -0.250
AP Total (%) 3.942 -3.781

In case of ACy = +0.1, which can be considered as
additional drag as long as pitch attitude changes are small,
the rotor counters the load increment by a horizontal force
of -0.106. This increase in propulsive force is dightly
larger than the perturbation itself in order to overcome
higher parasite drag encountered in the perturbed trim state.
This reflects in the increase of fuselage related power.
Likewise, the greater download on the fuselage after nose-
down pitching requires more rotor lift and lifting power.
Forward-tilting of the rotor tip plane for drag compensation
increases inflow and thus reduces the lift-to-drag ratio,
resulting in additiona power demand. The results for
ACy = -0.1 indicate an almost linear variation with ACy for
all parameters besides the lift-to-drag ratio and the related
power change.

For the moment perturbations ACyz = £ 1.0, the pitch
attitude change and related power variations are similar in
magnitude to the case of a drag perturbation with ACy = +
0.1, total power changes however are considerably less as
the perturbation generates the power change indirectly. No
clear trend for the lift-to-drag ratio is found for the present
case, rearward tilt of the rotor shaft in combination with a
small increase in propulsive force and the opposite
condition both reduce rotor efficiency. The change in
pitching moment exerted by the rotor on the fuselage does
not counter the entire perturbation since the stabilizer
contributes a part of the compensation.

Analyzing the influence of the load changes through
engine model activation given in Figure 9 and Figure 10,
the power shares can be attributed as follows: Engine thrust
by itself, without considering interference effects between
the exhaust plume and the fuselage, directly and indirectly
diminishes power consumption by 5.2%. Drag changes by
interference increase power demand by 3.3%. Leaving
aside the question of accuracy of the CFD result for the
interference loading on the stabilizer, a change in this order
of magnitude causes pitch moments leading to a power
reduction of 0.8%.

Table 4: Trim state change upon pitching
moment perturbation.

Moment Perturbation ACyy 1.0 -1.0

A® Pitch Attitude (deg) 0.514 -0.514
ACyz Rotor Moment ) -0.695 0.696
A Rotor horizontal force (-) -0.080 0.080
A Rotor Drag ) 0.010 -0.010
AL/D Rotor (%) -0.183 -0.274
AP Perturbation (direct) (%) - -
AP Fuselage Drag (%) -0.292 0.305
AP Fuselage Lift (%) -0.426 0.423
AP Rotor, L/D (%) 0.129 0.193
AP Total (%) -0.589 0.921




Evaluation of the free flight trim method

The accuracy gain in performance prediction obtained
from free flight trimming stems from the difference in rotor
efficiency and in fuselage lift and drag caused by
considering attitude variations. These are the indirect AP
components in Table 3 and Table 4 besides the direct AP
attributed to the perturbation, provided fuselage lift and
drag variations really follow the gradients the study is
based on. In the present case the gradients are those of the
HOST model, obtained from wind tunnel experiments of
the isolated fuselage. In this “linear” case, the direct power
change listed for the perturbation is not a distinct effect of
wind tunnel trimming. It can be considered entirely as the
result of a defect in the load prediction method, that upon
correction evidently is accounted for as the product of the
drag change and flight speed. Comparing free flight trim
and wind tunnel trim, the perturbations can be considered
as the residual non-equilibrium loads present after the wind
tunnel trim. The perturbation corresponds to attaching a
balance to the free flying model and discharching the loads
that arise while prescribing its attitude. In the “non-linear”
case, where fuselage drag and lift do not develop according
to the estimated gradients, the deviation from the estimated
load change can be counted as part of the perturbation. The
defect of aload prediction method would be augmented by
the defect’s dependence on trim state. As an example,
missing rotor-fuselage interference effects may be con-
sidered as a defect in load prediction, whereby downwash
on the stabilizer depends on attitude and rotor trim. For
these “non-linear” effects the benefit from free flight trim
can not be quantified with general validity.

For the present flight case and helicopter, employing
the gradients of the isolated fuselage and re-trimming the
rotor with CFD coupling, the following statements on
accuracy gains can be made for the longitudinal trim:

e When resolving a drag imbalance from wind tunnel
trim, and/or when employing an improved drag predic-
tion method, the directly calculated power change is
augmented by free flight trimming by approximately
27% through the indirect effects of attitude and rotor
efficiency change. An increase in fuselage drag
(without hub) of 10%, which corresponds to the pertur-
bation ACy = +0.1, directly generates a shaft power
increase of ca. 3.0%, while power consumption is
raised indirectly by 0.8%. Pitch attitude modifications
of 1° correspond to indirect power changes of ca. 2.2%
when they are the result of restored balance or im-
proved prediction of drag.

¢  When resolving a moment imbalance from wind tunnel
trim, and/or when employing an improved fuselage
pitching moment prediction, the resulting attitude and
rotor efficiency variation represented in free flight trim
cause approximately 1.5% change in total shaft power
per 1° pitch attitude change. With the rotor model used
about one third of such a moment change is compen-
sated by the stabilizing moment of the fuselage/
empennage, the remainder by rotor moment with a
cyclic control input of ABc=0.4°.

Lateral trim perturbations also take an indirect influence on
power consumption, for instance when they trandate into
drag changes of the fuselage in the course of re-trimming
the yaw angle, but were not investigated yet. For lower
flight speeds it may be expected that, since induced power
of the rotor takes a greater fraction of total power, the rotor
L/D change while trimming out load perturbations will
gain significance, while the impact of deficienciesin fuse-
lage load prediction reduces.
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