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ABSTRACT

High-fidelity CFD simulations for stationary flight have become state of the art for many years now, including fluid-
structure coupling to blade dynamics and flight mechanics to reach a trimmed state. Unsteady maneuver simulations
utilizing CFD are much more scarce, mainly due to the huge computational effort required to run for serveral tens or
hundreds of revolutions, and thus more often rely on mid-fidelity aerodynamics. Continuous advances in High Per-
formance Computing now allow the application of CFD to relevant macroscopic maneuvers, allowing an investigation
of scenarios for example like vortex ring state, which are highly affected by interactional dynamics, and where mid-
fidelity tools are less robust and reliable. The paper describes the challenges and possible solutions when progressing
a well-established high-fidelity CFD framework from stationary flight to unsteady maneuvers, analyzing the physical
causes of problems encountered, and further objectives to be addressed. Examples given for a Robinson R44 heli-
copter model include a slalom flight, a quickstop maneuver, and vortex ring state, including several evasive methods.

INTRODUCTION

Conventional comprehensive tools like CAMRAD II (Ref. 1),
HOST (Ref. 2) or RCAS (Ref. 3) allow analyses of rotorcraft
for various flight cases at low computational costs and rea-
sonable accuracy. Actually, if experimental flight data exists,
the corresponding models can be tuned to an amazing level
of precision over the better part of the entire flight envelope.
Taking rotor blade dynamics and deformation into account as
well as flight mechanics is crucial to obtain such high-quality
data, of course.

However, these tool reach limits when applied to new aircraft,
beyond the safe flight envelope, and especially for unconven-
tional configurations with multiple rotors. The numerous in-
teraction phenomena of such rotorcraft are difficult to repre-
sent accurately before first flight, without the option to adjust
modeling parameters to the specific layout. In contrast, high
fidelity CFD simulations allow the evaluation of any configu-
ration from first principles long before actual hardware exists,
and with dependable results, if applied correctly. Even if there
are still some inevitable modeling uncertainties remaining, for
example regarding local phenomena in dynamic stall events,
in general the accuracy of results is at least equivalent to a
well tuned comprehensive model, without the need for any
adjustments to a specific aircraft, even in extraordinary cases.

Copyright Statement

The authors confirm that they, and/or their company or organization,
hold copyright on all of the original material included in this paper.
The authors also confirm that they have obtained permission, from
the copyright holder of any third-party material included in this pa-
per, to publish it as part of their paper. The authors confirm that
they give permission, or have obtained permission from the copy-
right holder of this paper, for the publication and distribution of this
paper as part of the ERF proceedings or as individual offprints from
the proceedings and for inclusion in a freely accessible web-based
repository.

Of course, computational cost is larger by some orders of
magnitude, but the benefit of avoiding an expensive redesign
after prototype flight testing will easily outweigh the simu-
lation investments. Certainly, blade dynamics and flight me-
chanics have to be considered as well in this application. Of-
ten, this is accomplished by coupling the CFD solver to a com-
prehensive tool, replacing low-fidelity aerodynamics by the
CFD loads. In an iterative process the control angles, blade
deformations and loads are successively exchanged between
the two tools and converged to a consistent solution. This has
been the state of the art for more than a decade (Refs. 4-0),
with mostly quantitative improvements since then on accu-
racy, robustness and turnaround time for actual technical pro-
ductivity.

Consequently, for new developments high-fidelity CFD has
become an invaluable tool to reduce risk before first flight.
However, with very few exceptions, e.g. (Refs. 5, 7-9), only
stationary flight states have been considered yet, due to the ex-
tremely high computational cost of non-periodic cases. A typ-
ical maneuver flight takes several seconds corresponding to
about a hundred revolutions or more. This is about an order of
magnitude more than for a typical converged trim solution of
a steady case. Even very recent investigations (Refs. 10-12)
thus compose a maneuver of separate segments of stationary
state, without considering the transitional phases in between.
Correspondingly, the dynamic loads of the respective motions
are not taken into account.

However, with continued growth of computational power, ad-
vanced rotorcraft frameworks now have reached the point
where maneuver flight simulation at reasonable effort is possi-
ble for productive operation. The present work demonstrates
the qualitative leap in capability towards such an application.



METHODS

Tool chain

Such an advanced rotorcraft framework and tool chain has
been established at the Institute of Aerodynamics and Gas Dy-
namics (IAG) of the University of Stuttgart over more than
two decades now. The fundament consists of the flow solver
FLOWer, originally developed by the German Research Cen-
ter DLR (Ref. 13) and significantly extended by IAG, for
example utilising high-order WENO schemes and advanced
grid deformation technology (Refs. 14, 15). Blade dynam-
ics are considered using loose fluid-structure coupling to ei-
ther one of the comprehensive codes CAMRAD II (Ref. 1) or
HOST (Ref. 2). These tools also provide the fluid mechan-
ics trim to adjust control angles and attitudes to obtain free
flight conditions of vanishing global forces and moments in
stationary flight.

Recap on Stationary Trim

For stationary flight cases, the air loads need to balance weight
for vanishing residual forces and moments

L(S)+W=0

with loads .Z generated by an appropriate state S, and the
weight W of the aircraft. In general, the state S consists of
the four control angles ¢, three attitudes 0, three velocities v,
and possible further internal variables, as the two flap angles
f, for example, adding up to a total of twelve degrees of free-
dom in the current analysis. The trim equation consists of the
equilibrium of three forces and three moments, and possibly
further internal constraints, such as two vanishing lateral hub
moments for a teetering rotor, making up for eight equations
in this example. Consequently, four degrees of freedom need
to be prescribed, typically the three velocities plus yaw angle
at zero, and the other ones can be solved for.

As the loads are a nonlinear functional of the state, an ap-
proximate state is evaluated, and the residual delta loads drive
the iteration to an improved solution. For this, the loads eval-
uation functional £ (S) is linearized by its Jacobian matrix
L= ‘9‘%. The iteration algorithm then reads

R, = X(S,) +W
Sis1=S8i—L"-R;

In a common coupling scenario, the Jacobian L is typically
computed using the low-order aerodynamics of the compre-
hensive code. Although often sufficient, this may be ineffi-
cient towards the boundaries of the flight envelope, as the ap-
proximation may lack physics in these cases, and sometimes
even fail, e.g. at high load factors.

An improvement, albeit an expensive one, can be a CFD based
Jacobian computation. Even if one-sided differences are uti-
lized only, this requires n+ 1 simulations for n degrees of free-
dom in the state S. However, if a converged trimmed state is

already available, for small variations of S, as necessary for
the computation of L, usually a single further revolution or
two is sufficient. Especially for flight states which are hard to
converge otherwise this may be a worthwhile procedure.

In either case, such a trim iteration converges usually within a
couple of iterations for common flight cases, each comprising
about one CFD revolution to reach a reasonably periodic state,
so total effort is in the region of approximately ten revolutions
for a single flight state. Convergence can be considered suf-
ficient, if residual forces fall below the weight of fuel burnt
in one minute, for example, or residual moments below the
corresponding change in CG.

Maneuver Handling

In maneuver flight, the state S needs to be enriched at least
by the three rates of attitude change p = 0, such that we have
three more degrees of freedom plus three additional equations.
The static trim equation now extends to the dynamic

L) = F(S)+W =0
with the change of (linear and rotational) momentum .#
added, which depends on state variable derivatives. Some
caution is needed, as .# also include gyroscopic contributions
due to the rotor inertia. While the tail rotor’s contribution is
mostly negligible for reasonable maneuvers, the main rotor’s
is not. These terms considerably couple the dynamic motions
of the airframe, complicating the analysis.

Now we again need to “trim” the aircraft. For a static flight
case, we typically iterate towards the forces and moments (ei-
ther measured in wind tunnel or zero for free flight) and adjust
control angles and attitudes. In contrast, we could also apply
measured controls and attitudes and evaluate residual loads to
assess accuracy.

For maneuver flight even more options are possible to com-
pare simulation to flight test, and again four degrees of free-
dom need to be described and the others solved for. Plausible
selections include

A A target trajectory (plus one attitude, e.g. yaw) is given
and controls and the other attitudes are driven to match
that path.

B Control angles are prescribed and the aircraft moves appro-
priately.

C Attitudes plus forward velocity are forced and controls as
well as trajectory will follow.

Alternatively, other combinations of individual components
are possible, as long as the number of open degrees of free-
dom match the number of constraints. In theory, we could in-
troduce external influences like crosswinds into the dynamic
equation and solve for them in order to shift the modeling er-
ror to the experimental side, but this is — perhaps besides spe-
cial cases — exaggerated. However, often only part of the rel-
evant degrees of freedom is measured, which restricts useful



choices. And of course, in a perfect simulation the selection
would not matter and all variants agree consistently.

Concept B is easiest to implement, since the loads are eval-
uated for a given state and attitudes and accelerations can be
computed accordingly. However, it can be difficult to devise a
priori an appropriate control schedule to actually perform an
intended maneuver. Concept A ensures the scheduled flight
path, but requires a pilot model to actually find the correct
control angles throughout. Indeed, the system of equations
is actually quite stiff, when looking at the generalized eigen-
values, and for excessively aggressive trajectories a precise
tracking may be beyond the physical limits, allowing only a
more or less accurate approximation.

Depending on the selection of prescribed and open degrees
of freedom, the system consists of either differential or alge-
braic equations or both. For the former, an integration scheme
needs to be specified, for example Euler explicit in the sim-
plest case, and the latter are handled by Newton iteration after
the functionals % and .# have been linearized, Actually, 54
already is a linear operator, consisting basically of the (in-
verse) of mass and rotational inertias, so no further lineariza-
tion is necessary or possible.

Coupling

For the trim procedure in stationary flight usually weak (or
loose) coupling is employed, meaning a loads evaluation over
some period, e.g. one revolution, and adjusting controls and
attitudes for the average residuals. This also works well with
blade dynamics coupling, where the loads and deformations
are also exchanged over such a period in terms of Fourier co-
efficients. For the dynamics, this guarantees periodicity of the
solution by construction, which suppresses badly attenuated
low-frequency oscillations.

Another option is strong (or tight) coupling, where loads are
evaluated in each time step, and adjustments made instantly
for the next step. This applies to flight mechanics and blade
dynamics as well, and is in general less efficient for stationary
flight with a periodic solution, as said low-frequency oscilla-
tions need long times to fade away sufficiently. In contrast, for
maneuver flight this is clearly the correct approach, since the
assumption of a periodic behaviour is inapplicable by defini-
tion. Unfortunately, such tight coupling comes at the cost of
high-frequency data exchange beween flow solver and flight
mechanics or blade dynamics, being detrimental for compu-
tational efficiency. The utilization of a low-latency commu-
nication library for IAG’s simulation framework is described
in (Ref. 10), but still in an early development stage, and was
not yet ready for production for the current investigation.

In the meantime, although not being exactly periodic, flight
mechanic motions are on a much slower time scale than the ro-
tor revolution, blade dynamics, or even vibrations, for exam-
ple. In this regard, it is plausible to separate attitude changes
and linear accelerations and apply only short-term averages
of them, similarly to weak coupling for stationary flight. This
approach kind of resembles the separation of high-frequency

fluid fluctuations into a turbulence model, and low-frequency
content into the unsteady evolution of the RANS equations.

Instantaneous attitude rates can easily prescribed in the flow
solver, and velocities anyway, so a continuous representation
of position and attitude is ensured. For a two bladed rotor, for
example, half a revolution is long enough to provide a reason-
ably smooth average, while reaction delay is sufficiently small
for adequate control bandwidth. For the Robinson R44, which
is investigated here, half a revolution corresponds to 0.075s,
which is in the region of human response times, and thus kind
of representative for the real world.

In the strong coupling, rotor loads are clearly different for the
rotor blades at various azimuthal positions, e.g. in lateral or
longitudinal orientation, so there are high load fluctuations
over one period. In reality, this is perceived as vibrations
in the cabin, although airframe elasticity plays a major role
in this regard as well (Refs. 17, 18). However, these high-
frequency linear and angular accelerations do not contribute
to the macroscopic flight mechanical state, but only destabi-
lize the numerical time integration process. Consequently, if
vibration is not the goal of the investigation, it is much better
to utilize the described weak coupling and the corresponding
loads averaging over full periods, which suppresses such fluc-
tuations by design.

The procedure is thus as follows:

1. CFD simulation is run for half a revolution and loads av-
eraged.

2. In case the loads simulated within the last period and the
targeted ones are too different, adjust state for this pe-
riod and go back to 1 to recompute, until sufficient con-
vergence is achieved. Actually, this never happened for
the maneuvers investigated here, but may occur for more
aggressive control inputs and maneuvers.

3. Loads are transferred to flight mechanics and the state
for the next period updated accordingly.

Although not being exact in the mathematical sense and even
some minor systematic phase shift may occur due to the state
update being conducted slightly after the loads average being
taken, this error is orders of magnitude smaller than the ac-
curacy of CFD itself and thus easily negligible. For example,
slight variations of similarly reasonable solver settings, e.g.
one subiteration more or less, or tiny time step variations, can
lead to global load discrepancies up to one percent of weight,
depending on flight state, without any indication for the more
accurate result. However, this is still better than in flight ex-
periments, where the variance between individual data points
even under nominally identical conditions is often easily dou-
ble that figure, and worse for different aircraft of the same

type.
Blade Dynamics

As is well known, blade dynamics play a major role in heli-
copter simulations, and thus definitely need to be accounted



for in any reasonable approach. Unfortunately, CAMRAD II
is not able to couple in maneuvering flight, so our well tuned
CAMRAD II model for the Robinson R44 is of no use in this
regard. CAMRAD II can either do weak coupling for station-
ary flight, or stand-alone transient computations, but even a
steady rotation around pitch or roll axis is not possible in cou-
pling mode. For HOST, the other comprehensive tool avail-
able at IAG, no R44 model exists, and our coupling process is
still much less robust and validated with that software.

Consequently, at least blade flapping is taken into account ex-
plicitly, evaluating the in-plane hub moments over each period
and adjusting the tip path plane accordingly. For the R44 with
its teetering rotor, it needs to be assured that no hub moments
are transferred to the airframe. In the stationary case, blade
flapping follows the cyclic input nearly 1:1 in magnitude to
fulfill that condition. In contrast, in maneuvering flight flap-
ping lags behind somewhat, resulting in residual aerodynamic
moments, which are then used up as dynamic loads for tilting
the rotor plane.

However, this change of rotor orientation at the same time
considerably changes the aerodynamic loads, and on a much
shorter time scale than the evaluation window. According to
Padfield (Ref. 19), the characteristic time (68% adaptation)
for the flapping motion is about 120° azimuthal rotation, so
the flapping adaptation is mostly accomplished during one
period. In consequence, if not accounting for this flapping
change over the period, hub loads are grossly off.

One remedy would be to adjust flap rates accordingly and do
a second (and possibly third, and fourth, ...) CFD run, un-
til convergence. However, this is obviously computationally
very expensive. But as this accomodation is basically an expo-
nential decay of the offset to the final state, it can be integrated
analytically over the given period and — thanks to linearization
of the loads operator . via its Jacobian L — the correspond-
ing correction transferred to all the other loads, like lateral
airframe forces.
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Figure 1. Flap alignment and loads correction

Fig. 1 visualizes this process. Blade flapping starts at some
offset (normalized to 1) and the resulting aerodynamic hub
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moment drives it towards its final steady value. With decreas-
ing discrepancy, the driving moment declines as well, result-
ing in an exponential decay for the blade flap offset. At the
end of the time step, some value remains, which carries over to
the next time step. The resulting hub angular momentum has
thus been reduced by the hatched area, and the remainder cor-
responds to the change of rotor angular momentum by tilting
the tip path plane. All other aerodynamic rotor loads (thrust,
in-plane forces, drive torque) transferred to the airframe then
need to be adjusted similarly by reducing the original value by
the hatched area ratio and the respective Jacobian L contribu-
tion. As a consistency check, the equivalently adjusted lateral
hub moments need to cancel out with the gyroscopic rotor tilt
moments when handled this way.

By this method an expensive iteration of CFD recomputations
with adapted flap schedules can be avoided at mostly equiva-
lent accuracy, as the necessary flap adjustment is usually very
small anyway between successive periods. Nevertheless, for
fundamental stability reasons due to the stiff algebraic equa-
tion system, the effect definitely needs to be considered. Of
course, this flap handling by tip path plane tilting is not an ex-
act representation of the individual motion of a finite number
of blades, but an approximation of a continous disc containing
some angular momentum and corresponding inertia, including
the gyroscopic effects. Nevertheless, this asymptotic perspec-
tive gives a sufficient estimate for the dynamic effects within
the modeling accuracy obtained elsewhere.

Even then, blade deformation is not yet included, which is
also a major contributor. However, we do not have any flight
test data yet, to compare for example control schedules of our
simulations to. An elastic blade twist, for example, would re-
sult in different cyclic and collective angles, the delta more or
less equivalent to an average of the twist over the blade radius
and its azimuthal distribution. However, this should mostly
resemble an offset in the control schedule, the general trends
over a full maneuver are expected to be quite similar. As soon
as we will have flight test data available, the modeling will
be upgraded accordingly to take blade elasticity into account.
Of course, this will also include an individual blade flapping
treatment necessarily.

Pilot Model

With the exception of concept B the control angles are to be
computed by some means of a pilot model, either to follow
a given trajectory (concept A), or attitude schedule (C). In
each case, either the linear accelerations, and consequently
forces, or rotational accelerations, accordingly moments, are
prescribed and need to be matched by proper control adjust-
ments. Although theoretically possible by inverting the proper
part of the loads Jacobian L, this proved highly unstable, prob-
ably due to some inaccuracy within the CFD computed Jaco-
bian or increasing nonlinearities in the full load operator %,
which gets evaluated by CFD. Even with considerable under-
relaxation the system developed immediately high oscillations
and diverged shortly.



Instead, some primitve means of “autopilot” was invented,
somewhat related to the reaction of a human pilot. Each con-
trol angle was treated individually, meaning pitch, roll and
yaw axis for cyclics and tail, and vertical axis for collective.
For the latter, current thrust and vertical speed was included,
respectively their deviation from the target values, basically
the P and I components of a classical controller. Lateral cyclic
included obviously the rolling moment and roll rate, horizon-
tal force, and lateral speed. This corresponds to P and I com-
ponents again, and two (I%) and three (I°) integrations, respec-
tively, as the horizontal force corresponds to the roll angle
(integrated roll rate) and horizontal speed to integrated force,
at least as long as the roll angle is not too large. Similarly
for longitudinal: pitching moment and rate, forward force and
forward speed. Tail finally was assigned to a combination of
yawing moment, yaw rate and yaw angle, relating to P, I and
I? terms.

Identifying reasonable control parameters proved somewhat
challenging, as a diverging CFD simulation wastes consider-
able computational resources, and all parameters depend more
or less strongly on each other. So the Jacobian L was utilized
as a surrogate model for adjusting parameters for various in-
tended flight maneuvers, and the obtained values proved suffi-
ciently robust to effectively handle the simulated maneuvers.

As it turned out, the actual value depends on the length of
the period chosen for the weak flight dynamic coupling. In
general, for short time windows, the stability boundaries are
less stringent to keep the controller stable, while for larger
periods, it may be impossible to find stable parameter combi-
nations for the selected control architecture. Originally, a two
revolution period was aspired, resembling about 0.3 s of time,
which gives some averaging length for the loads and seemed
plausible as a generic pilot reaction latency. However, no sta-
ble controller parameters could be found due to insufficient
controller bandwidth in relation to the reaction time of the
system. In part this explains why helicopters are notoriously
difficult to fly — you need to react very quickly to keep the
aircraft stable. Going down to half a revolution period consid-
erably increased the controller parameter margin, to the point
of being tolerant even to large load perturbations due to inad-
vertent input mistakes for intermediate periods, for example a
full degree of wrong cyclic. Nevertheless, such disturbances
can still cause considerable oscillations, so there is certainly
room for improvement, especially on damping.

Of course, this hands-on approach is certainly not a replace-
ment for a fully operational autopilot with various inner and
outer control loops for stabilizing each individual axis and fur-
ther ones to follow some specific mission profile, capable of
handling highly varying flight conditions along. However, it
proved useful enough to keep the helicopter in the intended
operational state, even under the stochastic variation of CFD
loads in each period, and intended changes of helicopter atti-
tude and velocity.

Maneuver coupling

The flow solver FLOWer now runs for just over half a revolu-
tion (192 time steps at 1° azimuthal resolution) at one time, in
order to ignore eventual initial transients when averaging the
loads over a physical period of half revolution. These tran-
sients may arise from abruptly changing the motion or control
angles between consecutive periods, but actually the changes
are sufficiently small for all flown maneuvers that they are
barely visible in the data. Nevertheless, the job length was
kept as it matches favourably with an output every 48th time
step, achieving about S0Hz framerate for videos created from
that.

The actual control of the individual runs is taken by a Python
script, which reads the maneuver and control laws from its
input, analyzes the loads and time from the last period, adjusts
all degrees of freedom as position, velocity, controls, attitudes
in the input file according to the pilot model and maneuver
concept, and starts up the next run.

RESULTS

CFD Setup

The helicopter type used is a Robinson R44 Raven II, a
lightweight helicopter with relatively low disc loading. The
CFD setup used is somewhat simplified in geometric details —
no rotor hub, for example — in order to keep cell count and thus
computational effort at reasonable cost. The block structured
grid system consists of body meshes in 9 structures, ensuring
yt & 1 at the wall and a growth factor of 1.3 in normal di-
rection. For Slalom and Quickstop, a local background mesh
moving and rotating with the helicopter and resolving 2.5cm
near the body and coarsened up to 0.4m at about one diame-
ter away is used, inserted into a large background mesh up to
20 diameters in inertial system. The Vortes Ring State anal-
yses utilize only the local background mesh, but extended to
two diameters away. The different meshes are connected via
Chimera grid embedding, with about 10 million cells in the
body grids, 11 million in the local grid (41 million for VRS)
and 33 million in the background grid, and totalling about 54
million (51 million for VRS) cells in just over 4000 blocks.
The setup runs fairly well on 1024 cores of 16 nodes of the
HLRS Hawk cluster (utilizing only half the available cores
per node due to memory bandwidth), using about 17s wall
clock time for 40 subiterations at a time step of 1° main ro-
tor azimuth. This makes for about two seconds of real flight
time computable per day, demonstrating the considerable ef-
fort required for a full maneuver of, say, 20 seconds real time.

Coordinate systems follow DIN/LN9300 or ISO 1151 con-
ventions, namely x forward, y to the right (starboard) and z
down, fixed to the airframe, and corresponding roll ¢ right,
pitch 6 nose up and yaw y nose right angles. Controls are
given as main (up), cos (lateral left), sin (longitudinal rear),
tail (nose left), and blade flapping as cos (tilt forward) and sin
(tilt left). For the controls, main rotor collective is positive



Figure 2. Slalom trajectory and attitude

up, as conventional, but the others cos/lateral, sin/longitudinal
and tail/pedal are reversed to common pilot conventions. To
be unambigous, the terms used are cos/sin/tail, with their ex-
act mathematical definition.

Initial Trim

Before the intended maneuvers can start, a steady state flight
condition is required. Slalom and Quickstop start at 20m/s
(approximately 40kts), while Vortex Ring State is started
from Hover. So two different stationary trims are accom-
plished using the method described in section Recap on Sta-
tionary Trim, getting a converged solution after 7 and 12 iter-
ations, respectively.

After having reached steady flight, for both trim states the Ja-
cobian matrix L is evaluated by disturbing the state S in all
degrees of freedom by a small amount (1m/s in velocities, 1°
in all angles, 5°/s in all rates) for two more revolutions and
taking finite differences.

Although the Vortex Ring State is admittedly quite different
from the Hover situation, where the Jacobian has been evalu-
ated, it is hardly possible to get robust derivatives in this flight
state, as the revolution-to-revolution variance in this highly
unstable state is already larger than the loads differences cre-
ated by the small disturbances. Consequently, the “nearby”
Hover situation is an approximation according to best effort,
and actually works reasonably well.

Slalom

The first maneuver is a sine shaped Slalom at a forward veloc-
ity of 20m/s with a lateral amplitude of 10m over a period
of 10s. Trajectory and attitude are computed analytically for
this shape, with yaw angle matching the flight direction, roll
angle to counter centrifugal forces, and keeping pitch angle
constant. Control angles are adjusted to generate the neces-
sary moments and thrust, according to concept A. Actually,
it is not an exact representation of A, but somewhat simpli-
fied, as all attitudes are prescribed according to the analytical
schedule. As a consequence, only moments are matched, and
lateral as well as longitudinal forces may deviate slightly.

Fig. 3 shows the controls necessary for one full period of
the continuous slalom trajectory, starting at the center posi-
tion and moving to the right, while rolling left. As can be
seen easily, both lateral and longitudinal inputs are required
to follow the proper path. The tail rotor has to work harder
for the counterclockwise main rotor over the first half period

to yaw the nose left again, and then lets go after crossing the
centerline again.

HX, HY

-2000

MAIN, SIN, COS, TAIL, PHI, PSI

. -4000

-6000

Figure 3. Control input (MAIN, COS, SIN, TAIL) for pre-
scribed attitudes (roll/PHI, yaw/PSI) of slalom and aero-
dynamic hub moments (HX, HY)

What may be intriguing at first is the occurence of the large
aerodynamic hub moment in y direction, pitching down at the
beginning of the cycle, and up halfway through. This seems
to be counterintuitive, as the helicopter does not pitch at all,
and there should be also zero in-plane hub moments for an
ideal teetering rotor. However, this is only the aerodynamic
moment, and it is counteracted by the dynamic moment re-
sulting from rolling to the left at the beginning, which means
that the rotor with its angular momentum (pointing up for the
counterclockwise rotor) is tilted to the left. This tilt requires a
torque in negative y direction, which is provided by the aero-
dynamic loads. As already mentioned in section Blade Dy-
namics, this aerodynamic torque is “eaten up” by the rotor
disc tilt (or rolling rate), and thus net zero in-plane mast mo-
ments are transferred to the airframe, as is consistent with the
teetering hub.

Actually, there is a residual total moment on the airframe, as
seen in Fig. 5, stemming from some blade flapping and thus
thrust vector tilt with respect to the airframe (not through the
center of gravity), which is indeed in the x direction. It pro-
vides the angular acceleration necessary to control the rolling
motion. At the beginning of the cycle the helicopter rolls al-
ready to the left, which is then stopped a quarter period later at
the maximum y elongation, requiring positive x torque on the
airframe. Then the aircraft rolls back, getting level halfway
through when crossing the centerline of the flight trajectory,



Figure 4. Quickstop trajectory and attitude

and rolling most to the right after three quarters, where the
most negative x torque acts on the airframe.

One can also see some small wiggles in the control angles at
this scale, where variances in the CFD solution — probably
due to some stochastic vortex interactions or local separation
phenomena, for example — produce small changes in airloads,
which require adequate control reactions to generate the loads
essential for the given trajectory. In a different interpretation,
such control compensations could be related to atmospheric
turbulence or gusts, if they were part of the simulation.

MAIN, SIN, COS, TAIL
AX, AY

- -150

Figure 5. Control input for slalom and resulting airframe
moments (AX, AY)

Quickstop

The Quickstop actually has been run in two variants, both
starting out again from trimmed flight at 20m/s, and corre-
sponding to concept B (control inputs prescribed, freely mov-
ing aircraft). In the first scenario, the pilot model of section
Pilot Model was commanded a target velocity of 0m/s, and
thus an initial speed deviation of —20m/s. The model reacted
quite reasonably by “pulling back”, reached a pitch rate of
11°/s and a maximum pitch angle of 19°, slowing down to
10m/s in about 5 seconds. Unfortunately, the pilot model then
started to diverge, especially at the tail rotor, such that another
approach was needed.

In order to overcome the stability issues with the pilot model
and at the same time accelerate this maneuver and shorten the
stopping distance, a different schedule was devised. Longitu-
dinal cyclic was prescribed instead of computed after having
reached stationary forward flight during the trim phase. At the
starting point, longitudinal was increased from the trimmed

MAIN, COS, SIN, TAIL
VX, THETA

Figure 6. Control input for quickstop by the pilot model
and resulting pitch attitude and forward deceleration

value by +5°, causing a rapid pitch-up motion, which very
quickly (within two revolutions) reached its limit value of
approximately 30°/s. After just over a second the longitu-
dinal was decreased againg by —7°, just below the trimmed
value. The pitch-up stopped within a second, reaching a max-
imum pitch angle of about 31°, after which two seconds of
the original trimmed longitudinal was applied. During that
phase, pitch attitude decreased slowly, and then longitudinal
was handed over to the pilot model.

MAIN, COS, SIN, TAIL
VX, THETA

Figure 7. Prescribed longitudinal (SIN) input for quick-
stop and other controls by the pilot model, and resulting
pitch attitude and forward deceleration

During this quite aggressive cyclic input, again significant os-
cillations emerged on the other controls, which where still



handled by the pilot model, but fortunately quickly faded out
during the pitch down phase.

The described control schedule can be certainly improved for
a more exact stopping point instead of the creeping decelera-
tion later on, but the general behavior is plausible. Looking
more closely at the longitudinal flapping motion, the corre-
sponding control input does not immediately result in an ap-
propriate reaction, as it would do in a static simulation, but
first remains in its offset state, creating the necessary hub
moment to initiate the rotor pitch up moment in x direction.
The lagging of the tip path plane behind its static orientation,
suitable for the control input given, provides the aerodynamic
moment to further tilt the plane toward its target. This gyro-
scopic effect increases, correspondingly to the pitch rate, and
decreases when slowing down the pitch up motion. The pitch
down rotation occurs at a lower rate, and the aerodynamic x
hub moment is reversed during that time. While the y mo-
ment oscillates again due to insufficient damping on the pilot
mode for lateral cyclic, its mostly symmetric around zero, not
introducing any macroscopic roll rates or attitudes.
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Figure 8. Primary control inputs (MAIN, SIN) for quick-
stop, and resulting pitch attitude, longitudinal flapping
and hub moments (HX, HY)

Summing up, the Quickstop maneuver could be simulated
qualitatively correct, with the precise control schedule leav-
ing room for further optimisation. Furthermore, the primitive
pilot model of section Pilot Model is far from being ideal and
suitable for actual flight control, and only marginally stable.
Nevertheless, it allows some reasonable control input to actu-
ally run specific maneuvers.

Vortex Ring State

As the final goal, the challenging task of Vortex Ring State re-
covery was attempted. At first, starting from a trimmed hover
state, vertical rate was enforced to —10m/s and collective in-
put reduced by —1.5°, and the helicopter quickly built up fur-
ther vertical descent rate. According to the linearized Jaco-
bian L a downward velocity of about —8m/s or —1500t/min is
to be expected for that collective setting, but it is the specific

character of Vortex Ring State to be highly nonlinear. Actu-
ally, descent rate stabilized within about 7 s at pretty much the
double value, namely —15m/s. In order to verify actual VRS
conditions, the streamlines in the airframe relative coordinate
system show in Fig. 9 the expected pattern of heavy recircu-
lation.

Figure 9. Streamlines and A, isosurface in fully developed
VRS

After having reached that state, in simulating a “panic” re-
covery collective was increased by 3.5°, that is, 2.0° above
the previously trimmed hover collective. As one can see, this
gave a short push upwards (more thrust than weight) by up
to 8 kN, which quickly fell back to zero after less than a sec-
ond. Afterwards, rate of decent stabilized again at the slightly
lower —12m/s. Adding two more degrees of collective fi-
nally seemed to recover from VRS, stopping the simulation
at —8m/s and still 4m/s2 deceleration and probably two more
seconds before reaching hover again. Estimated height loss
would be about 90 m after the “panic pull” in this situation.

2000

MAIN, VX, VY, VZ

0 = -8000

Figure 10. Collective pitch input, and resulting residual
forces (FX, FY, RZ) and airframe velocities (VX, VY, VZ)

As can be seen from this graph, horizontal residual forces un-



dergo heavy fluctuations as well. Correspondingly, the pilot
model strives hard to keep the helicopter level, with consid-
erable control input at the cyclics and pedal. Nevertheless,
attitude fluctuations of several degrees occur, particularly in
roll, where the moment of inertia is smallest. This happens
especially in the phase with collective pulled up again, where
ride quality severly suffers without much help to escape VRS.

MAIN, COS, SIN, TAIL
PHI, THETA, PSI

Figure 11. Control inputs by the pilot model, and resulting
airframe attitude

Of course, helicopter pilots are trained extensively to recover
from VRS not by pulling collective, but by leaving the recir-
culation zone. Indeed there are three common evasive maneu-
vers established within the community:

1. Classic: Reduce collective further and put forward
cyclic, until sufficient forward velocity develops, then
pull collective when reaching the edge of the recircula-
tion zone

2. Airbus: Similar to Classic, but pull collective immedi-
ately together with forward cyclic

3. Vuichard: Pull collective immediately like Airbus, but
execute lateral cyclic to the advancing blade side (right
for a counterclockwise rotor) together with power pedal,
effectively crossing lateral and pedal input

The idea behind 1. is to leave the recirculation zone down-
ward while recovering control authority, and to the front, with
the danger of loosing too much height. 2. tries to remedy
that height loss to some extent by relying on (hopefully) still
sufficient control authority. 3. was invented and heavily pro-
moted by Swiss pilot and trainer Claude Vuichard in order to
minimize height loss.

All three techniques have been simulated and are compared in
the following. Unfortunately, no specific control inputs were
available for all methods, so the intent was not to optimize
individual schedules, but keep them comparable to the extent
possible.

g’urr* e/

Figure 12. VRS classic recovery trajectory and attitude

Classic recovery In this case, collective was reduced by an-
other —1.5°, and forward cyclic of 5° applied for one sec-
ond, which initiated nose down pitch. After taking back the
cyclic to neutral for another second a forward velocity of 8 m/s
had built up at nose down of —34°, and then collective was
increased back to the hover value. Lateral cyclic and pedal
wer controlled by the pilot model during the whole maneu-
ver, and longitudinal after having reached hover collective as
well. Fig. 12 shows snapshots of the trajectory, one second
apart each after initiating recovery.
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Figure 13. Control inputs for Classic recovery, and result-
ing forward and downward speed

Again, considerable oscillations developed, see Fig. 13, but
kept stable during the maneuver. Zero descent rate was



achieved after 4.6s at forward speed of about 16m/s (30kts)
and a height loss of 54m/180ft, significantly lower than the
“panic” reaction of pulling collective alone. Yaw and roll at-
titudes were kept fairly low by the pilot model.

MAIN, SIN
PHI, THETA, PSI

Figure 14. Scheduled control inputs for Classic recovery,
and resulting airframe attitude

Airbus recovery Airbus recommends to pull collective im-
mediately, so the hover value was established together with
forward cyclic of 5° applied for one second, also causing nose
down pitch. Afterwards, cyclic was taken back to neutral un-
til having reached a forward velocity of 10m/s, which hap-
pened 2.8s after initiating recovery. Maximum nose down
pitch achieved during that time was —25°. Lateral cyclic and
pedal were controlled by the pilot model during the whole ma-
neuver, and longitudinal after the prescribed schedule as well.

Figure 15. VRS Airbus recovery trajectory and attitude
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Figure 16. Control inputs for Airbus recovery, and result-
ing forward and downward speed

Oscillations were slightly smaller in this variant, and zero de-
scent rate was achieved after 4.0s at forward speed of about
10m/s (20kts) and a height loss of 43m/140ft. This indicates
that indeed the Airbus recommendation to pull collective im-
mediately seems to reduce the height loss by about 11 m/40ft.

MAIN, SIN
PHI, THETA, PSI

Figure 17. Scheduled control inputs for Airbus recovery,
and resulting airframe attitude

Vuichard recovery The Vuichard method consists of pulling
collective immediately “to the power limit”. As this was hard
to establish, again the hover value was chosen for collective,
together with right cyclic of 3° applied for a half second. Due
to the low inertia in roll direction this was already sufficient
to achieve a roll angle of 25° to the right. Again, cyclic was
taken back to neutral until having reached a lateral velocity of
8m/s, which happened 2.0s after initiating recovery. Then, to
stop the rolling motion, 0.3s of 3° left lateral cyclic were ap-
plied, and half a second of 1° to the right, before going back
to neutral for another half second, followed by a half second



Figure 18. VRS Vuichard recovery trajectory and attitude

of 2° right and one more of 1.5° right. This complex lateral
schedule can certainly be more streamlined and improved to
quickly achieve zero roll rate and normal roll attitude more
quickly and smoothly, resembling a standard side step, but
this optimization does not change results considerably. Actu-
ally, to achieve zero descent rate at the later stages with low
lateral velocity, main rotor collective had to increased as well
to increase thrust to sufficient levels. Similarly to the other
methods, longitudinal cyclic and pedal were controlled by the

MAIN, SIN, COS, TAIL

Figure 19. Control inputs for Vuichard recovery, and re-
sulting right and downward speed

11

pilot model during the whole maneuver. The trajectory snap-
shots are taken from behind this time, again at one second
intervals after initiation.

This time, oscillations had more low frequency content, pos-
sibly indicating macroscopic control issues instead of subop-
timal pilot model parameters. Furthermore, to keep yaw an-
gle low, obviously increased tail rotor pitch is required, which
also increases power demand (“power pedal”). Zero descent
rate was achieved after 3.9s at lateral speed already reduced
back again to 2m/s (4kts) and a height loss of 36 m/120ft with
lateral discplacement of 20m. Compared to the classic recov-
ery technique this reduces the height loss by about 18 m/60ft,
and is still somewhat better than the Airbus method, at least
with the simulated parameters.

MAIN, COS
PHI, THETA, PSI

Figure 20. Scheduled control inputs for Vuichard recov-
ery, and resulting airframe attitude

However, two challenges remain with Vuichard, as already in-
dicated by the description. The increased tail rotor thrust adds
to the power budget, which may or may not be sufficient at the
time of VRS occurence. Furthermore, complex control sched-
ules had to be applied in this case. While they may be sim-
plified to achieve similar results, there is at least an indication
of increased pilot workload, which is certainly unfortunate in
a potentially life threatenting flight situation. Consequently,
there is not a definite command to prefer Vuichard to Airbus
in case of VRS, but needs to be further investigated.

CONCLUSIONS

Summing up, a major step forward has been commenced to-
wards high fidelity simulation of complex maneuver flight
situations. In contrast to previous attempts of just putting
together individual pieces of stationary flight, the dynamics
of the instationary motion have been taken into account by
means of inertial forces and moments, including gyroscopic
effects. Main takeaways include

* Inertial loads can be large and fast changing.

* Gyroscopic effects of the rotors, especially the main ro-
tor, need to be incorporated.



* Blade flapping changes during very short periods of time,
altering airloads considerably.

» Tip path plane tilting moments required by the gyro-
scopic effects of the rotors are provided by a flapping
motion lagging behind the control inputs, compared to
stationary flight state behavior.

* Asaconsequence, it is probably to some extent sufficient
to assume an instantaneuous adjustment of flapping to
the static value and at the same time neglect gyroscopic
rotor moments, if not specifically interested in the time-
accurate behaviour of flapping angles.

* Stochastic variance of CFD airloads during aggressive
instationary motions poses some challenges.

* An advanced pilot model and/or flight controller needs
to be developed, with high stability requirements due to
the previous point of short-term airloads uncertainty.

* Realistic control schedules for target trajectories should
be pre-computed using fast low-fidelity tools, possibly
with continuous updates during simulation runtime.

Following all that recommendations, the introduced example
maneuvers show the capability of current state of the art high
fidelity CFD to address advanced flight mechanical questions.
Current computing technology allows for a few seconds of
real flight time within a day of simulation on a high perfor-
mance computer, so a full maneuver may take one or two
weeks. Within a couple of years, an order of magnitude im-
provement seems possible, such that one maneuver may run
overnight. This allows for robust and reliable engineering as-
sessment even for challenging flight states with highly inter-
acting flow phenomena for complex configurations, such as
future advanced air mobility. Other than mid-fidelity tools,
which can be made very accurate by tuning according to flight
test data, such first-principles simulations can be run long
before actual hardware exists, and thus utilized for design
improvements and risk reduction at very early development
stages, saving time and money long before manufacturing, test
and deployment.
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