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Abstract

This paper presents a state-space dynamic inflow modeling method suitable for flight dynamics analysis
of rotors in ground effect. Akin to the Pitt-Peters model, it relates inflow components to rotor loads as de-
termined by a Vortex-Lattice-type numerical simulations, and may be applied to non-parallel rotor-ground
configurations as well as to moving ground cases. Here, the model is identified for three flight hovering
cases (far from the ground, near a parallel ground and near an inclined ground) and compared with a set
of validation data, highlighting the capability of the proposed methodology to reproduce the main features

of the inflow.

1. INTRODUCTION

Modern helicopter design and control development
requires the availability of accurate dynamic inflow
models to be included in solvers providing an ef-
fective computational support capable to simulate
reliably the several complex aerodynamic environ-
ments in which rotors may operate. From decades,
widely-used inflow models are those based on mo-
mentum theory, like the well-known Pitt-Peters®
and Peters-He> ones. Originally developed for out-
of-ground-effect rotor configurations, these models
have been extended with some success to near-
ground rotor operations through inclusion of a
pressure perturbation from a specular rotor mir-
rored by the ground®".However, the variety of pos-
sible in-ground-effect operation conditions (above
inclined ground, moving ground, finite ground, non-
flat ground, etc.) as well as the complexity of the
corresponding aerodynamic field limit the validity of
models based on analytical flow solutions.

This work proposes a dynamic inflow modelling
approach for rotors in ground effects over both par-
allel and inclined surfaces, extracted from compu-
tational flow field simulations. Derived as a mod-
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ification of the methodology introduced by some
of the authors in the recent past3 to make it suit-
able for the specific issues related to the complex-
ity of near-ground aerodynamics, a novel model
identification process is first outlined and then ap-
plied. Conceived as a linear, time-invariant oper-
ator, the model is extracted through a multi-step
procedure based on time-marching vortex-lattice
method (VLM) simulations of the wake inflow. Forc-
ing the wake structure system by suitable imposed
vorticity distributions released at the trailing edges
of the blades (related to the bound vortex circu-
lation and hence to the sectional lift) and by trail-
ing edge motion due to rotor rolling and pitch-
ing (known to be major causes of off-axis aerody-
namic coupling”), corresponding wake inflow and
rotor loads are evaluated and the transfer functions
between inflow coefficients and rotor loads (thrust,
rolling and pitching moments) and rotor motion are
identified.

Starting from the simulations given by a three-
dimensional, free-wake computational tool applied
to a mid-weight helicopter main rotor, the numeri-
cal investigation presents the results of the applica-
tion of the inflow model identification methodology
proposed for a rotor hovering above parallel and in-
clined ground.

2. DYNAMIC INFLOW MODEL EXTRACTION

Similarly to the Pitt-Peters model®, the proposed
modeling approach represents the perturbed wake
inflow distribution over the rotor disc through the
following expression in a non-rotating polar coordi-
nate system, (r, ),

(1) A(r, Y, t) = Xo(t)+r [As(t) sin+Ac(t) cosyP]
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where r denotes distance from the disc centre, ¥
is the azimuth angular distance from the aft posi-
tion, whereas the coefficients Ag, As and X\, repre-
sent, respectively, instantaneous mean value, side-
to-side and fore-to-aft gradients.

The perturbation inflow coefficients are assumed
to be related to perturbation rotor thrust, roll and
pitch moments (C7, C;, Cpy), and to rotor pitch and
roll angular velocities (p, g), through a state-space
model, namely,

(2) x=Ax+ Bu
where u = {Ct,C;,Cpm. p, q}" and x is such that
Ao

(3) A= >\s
Ac

=Cx

These coefficients are extracted through the fol-
lowing multi-step methodology: 1. starting from the
trimmed steady-state solution, chirp-type perturba-
tions of both vorticity released at the trailing edge of
the blades and rotor motion are introduced; 2. the
corresponding wake inflow on rotor blades is evalu-
ated by free-wake, vortex-lattice simulations; 3. the
corresponding aerodynamic loads are evaluated
through a sectional aerodynamics model; 4. the
transfer functions between rotor loads/motion and
inflow coefficients are identified; 5. the rational ap-
proximation of transfer functions and the transfor-
mation back into time-domain yield the state-space
dynamic model of the inflow coefficients.
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Figure 1: Flow-field velocity magnitude beneath the
rotor for 65 = 30°.

In the above process, ground effects on rotor
aerodynamics are taken into account through the
mirror image method, which is widely used in fluid-
dynamics applications™. This approach has been
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validated in the recent past against experimental
data concerning a two-bladed rotor in hovering con-
ditions over parallel and inclined ground4. As an
example of the simulation capabilities of the aero-
dynamic solver applied here, Figs. 1 and 2 show
comparisons between numerical and experimen-
tal data, respectively in terms of flow-field velocity
magnitude and streamlines for a ground inclination
angle equal to 6, = 30°.
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Figure 2: Streamlines beneath the rotor for 6, =
30°.

Once the perturbed inflow (difference between
actual inflow and reference steady-state one) is
evaluated in response to perturbations of bound
vorticity and rotor pitch and roll motion, g, As and
Ac perturbation time histories are determined. To
this purpose, the distribution of the bound vortex
circulation, A¢, is modeled through the following
first-order approximation

Ag(r, t) = r[Ag°(t) + A@°(t) sinh+

@ + Ag(t) cos].
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Figure 3: Input-Output transfer function mean co-
herence for the three hovering conditions.
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In the dynamic inflow model extraction process, in
addition to the inflow, also rotor loads variations are
determined as functions of A¢°%, A¢°® and A¢° per-
turbations. Indeed, the integration the Glauert sec-
tion load formula over the span of the blades yields
the following one-to-one relation between A¢ coef-
ficients and rotor load components, {C+, C;, Cp},

N
1
Cr :Z/ —ors TAG(F 1) dF =
j=1"¢hn

~ NAQO(r) PP

TQR2 3

€h

N m
1 . _ _
CL :Z/ OR2 72 sint; AG(F, t)dF =
j=1"¢hn

1

(5)
_ NA$*(t) Fi

- 27QR 4

€h

N m
1
Cm :Z/ —OR? 72 cosj AP(F, t) dF =
j=1"¢hn

~ NAgE(D) P

- 2mQR 4

€h

where ¢, is the nondimensional root-cut-off, N is
the number of blades and r denotes the nondimen-
sional radial coordinate. Note that, when the ro-
tor roll and pitch kinematics is perturbed, no load
perturbations arise since bound vortex circulation
is correspondingly left unperturbed. Then, combin-
ing loads and rotor kinematics perturbation with in-
flow coefficient perturbations corresponding to the
same A¢@ coefficients chirp-type perturbations, the
[3 x 5] transfer functions relating u to A are identi-
fied.

The last step of the identification procedure is
performed within the framework of the Matlab sys-
tem identification toolbox. Here, in order to limit as
much as possible the number of the variables in-
volved in the identification process and taking into
account the preliminary analysis of the coherence
of each /0 relation shown in Fig. 3, for each el-
ement of the transfer functions matrix, the ratio-
nal approximation has been obtained by including
a number of poles and zeros that is in accordance
with the extended Pitt-Peters theory’. Thus, for hov-
ering out-of-ground-effect and in-parallel-ground-
effect conditions, the degrees of numerator and de-
nominator polynomials of the transfer function ra-
tional approximations are as indicated in the follow-
ing table
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Cr ¢ Cv P ¢
©) X 0/1 null null null null
A« null 0/1 null 0/1 null
Ae null null 0/1 null 0/1
whereas for in-inclined-ground-effect conditions
they become
Cr ¢ Cv P ¢
X 1/2 null 0/2 null 0/2
@ X nul 0/1 null 0/1 null
Ae 0/2 null 1/2 null 1/2

The assumption in Eq. (7) derives from the con-
sideration that, differently from the parallel-ground
case, the inclined ground induces a fore-aft wake
distortion similar to that caused by forward flight®
which, in turn, causes coupling between axial and
non-axial pitching inflow/load parameters (see, for
instance, the L3 and L31 coefficients of the Pitt-
Peters model”), with the X\s coefficient remaining
still dependent of only rolling moment and angu-
lar velocity. As a proof of the asymmetric effect of
inclined ground on the inflow, Fig. 4 shows the ax-
ial wake inflow one the rotor blades when they are
orthogonal to the axis of rotation of the inclined
ground. Starting from the parallel ground case 0, =
0°, in which the radial distribution is almost sym-
metric, for increasing ground angle the numerical
simulations show a reduction of the axial velocity
in the uphill side and an opposite behavior in the
downhill side (as expected from the flow blockage
caused by ground when getting closer to the rotor,
like in the uphill side).
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Figure 4: Axial wake inflow on rotor disk for 0¢jrc <
By < 30°.

The assumptions applied on the transfer func-
tions matrix (shown in Figs. 6 and 7 for parallel and
inclined ground, respectively) make the identifica-
tion process more effective and robust. In particu-
lar, it is worth noting that the numerical simulations
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have confirmed that the neglected transfer func-
tions are actually negligible with respect to the re-
maining ones.

3. RESULTS

The test case considered is a mid-weight helicopter
main rotor inspired to that of the Bo-105, whose
main data are reported in 1, for hovering condi-
tion. Three configurations with different distances,

mass 2200 kg
MR type hingeless -
MR radius 491 m
MR chord 0.27 m
MR angular speed 44.4 rad/s
MR blade twist -8 o/m
MR number of blades 4 -

Table 1: Main helicopter data

hg, between rotor and ground and different ground
inclination angles are analyzed: 1. out-of-ground-
effect, in order to verify the capability of the pro-
posed methodology to capture the main features of
the problem; 2. in-ground-effect, with hy/R = 0.75
and 64 = 0° (ground parallel to rotor disc), 3. in-
ground-effect, with hy/R = 0.75 and 64 = 30° (in-
clined ground) The frequency range of the analysis
is limited to 1/rev (44.4 rad/s), which is well beyond
the upper limit for flight dynamics applications. In
the following, the main elements of the transfer
functions matrix are presented and discussed.
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Figure 5: Magnitude and phase of Cr vs \g transfer
function: comparison between numerical data and
Pitt-Peters analytic model.

First, for all the configurations analyzed, in Fig. 5
and Tab. 2 the numerical transfer function (HOGE
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Case poles [rad/s] | zeros [rad/s]
PP -8.26 -
HOGE -16.29 -
HIGE 0° -19.26 -
HIGE 30° | -8.11,-11.87 -6.19

Table 2: Poles and zeros location of the C+ vs Ag
transfer function: comparison between numerical
data and Pitt-Peters analytic model.

and HIGE) between C7 and X\g and the location of
its poles and zeros are shown and compared with
those predicted by the Pitt-Peters model (PP) in out-
of-ground-effect condition. With respect to the lat-
ter, the numerical HOGE transfer function surpris-
ingly presents a significantly more damped pole,
and then a significantly shorter time constant. On
the contrary, the static gains are quite similar. Note
that, for this particular transfer function, the Pitt-
Peters model is known to be strongly dependent on
the loads distribution along the blade spanZ?. Con-
cerning the effects of the ground, it is evident that
the ground increases the damping of the pole and
slightly reduces the static gain. Furthermore, the
transfer functions with inclined and parallel ground
are very similar, even if the approximation process
gives a quite different polynomial form, due to the
different hypotheses on zeros and poles made in
Fig. 6 with respect to Fig. 7. This result suggests the
possibility of using one pole and no zeros to approx-
imate this transfer function also in inclined-ground
conditions.

Then, Fig. 6(a) and Tab. 3 presents the results
concerning the C; vs A transfer function. Also
in this case, the following considerations may be
drawn: 1. in out-of-ground effect conditions, the
numerically identified transfer function has almost
the same pole than the analytic Pitt-Peters' model.
However, the transfer functions predicted by the
two models present a difference in static gains of
about 5 dB; 2. the presence of the ground sig-
nificantly reduces damping, although the inclined-
ground reduces it slightly less than the parallel-
ground; 3. with respect to the HOGE case, the static
gain of the transfer function increases in parallel-
ground conditions (+2 dB) whereas it reduces (-3 dB)
in inclined-ground ones.

Next, Fig. 6(b) and Tab. 4 presents the results re-
garding the Cp, vs A transfer function. As expected,
the only remarkable differences with respect to the
results presented in Fig. 6(a) and Tab. 3 occur in the
inclined-ground case. Specifically, in this case, the
identified transfer function has a pole significantly
less damped than that of the C; vs \s transfer func-
tion, and an additional highly damped one.

Finally, the synthesized inclined-ground per-
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Figure 6: Magnitude and phase of transfer func-
tions: comparison between numerical data and Pitt-
Peters analytic model.

Case poles | zeros [rad/s]
PP -19.36 -
HOGE -19.78 -
HIGE 0° | -11.08 -
HIGE 30° | -13.14 -

Table 3: Poles and zeros location of the C; vs g
transfer function: comparison between numerical
data and Pitt-Peters analytic model.

Case poles zeros [rad/s]
PP -19.36 -
HOGE -19.82 -
HIGE o° -12.69 -
HIGE 30° | -8.56, -10* -34.94

Table 4: Poles and zeros location of the Cp vs Ac
transfer function: comparison between numerical
data and Pitt-Peters analytic model.
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Figure 7: Time response: comparison between VLM simulations and state-space model predictions (64 =

30°).

turbed wake inflow model is verified against a val-
idation data set numerically evaluated by impos-
ing to the vortex-lattice aerodynamic solver an arbi-
trary perturbation to A¢ that is different from that
used in the identification process. Specifically, Fig.
7(a) shows the responses of the vortex-lattice model
and of the state-space formulation in terms of A\g to
the following variation of the A¢° coefficient of the
bound vortex circulation distribution

@) A@°(t) = cos(5t)sin(2t)

Note that, the rotor thrust coefficient perturba-
tion corresponding to the circulation perturbation
is used as the input of the wake inflow state-space
model. Furthermore, Fig. 7(b) depicts the results in
terms of the A. response to a perturbation of A¢®
of the form of that in Eq. 8. Similarly to the results
in Fig. 7(a), the corresponding perturbation of load
(Cp in this analysis) is used as input to the state-
space model.

In both cases, the identified model is capable of
capturing with enough accuracy the low-frequency
content of the inflow, which is the signal content
mostly influencing the helicopter flight dynamics
behavior. However, the validation signals present a
relevant high-frequency contribution, as shown in
Fig. 8, which depicts the spectrum of Ag. This fig-
ure highlights the tonal nature of the signal high-
frequency content, which is clearly dominated by
peaks around the multiple of the Blade Passing Fre-
quency (4/Omega, 8/Omega,...), although two low-
frequency peaks related to the perturbation fre-
quencies in Eq. 8 arise (the introduction of a Linear
Time Periodic inflow model would be necessary to
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capture them).
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Figure 8: Spectrum of the Ay response to A¢g given
by the VLM solver.

4. CONCLUSIONS

A methodology for the identification of a state-
space dynamic wake inflow model for rotors in
ground effect extracted from simulations provided
by high-fidelity aerodynamic solvers has been de-
veloped and tested. It is based on inflow responses
to chirp signals of blade bound vortex circulation
distribution and of rotor rolling and pitching mo-
tion. The inflow is evaluated by a vortex-lattice
solver which simulates the presence of the ground
through a mirror image method. This method is suf-
ficiently efficient to allow long simulations, which
are required for a robust identification of the trans-
fer functions relating inflow components to rotor
loads and motion. The numerical investigation con-
cerns the application of the proposed methodol-
ogy for the wake inflow state-state model syn-
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thesis of rotors both out-of-ground-effect and in-
ground-effect conditions, above parallel and in-
clined grounds. The following conclusions may be
drawn: 1. the mirror image is capable to model the
main features of the flow around a rotor in ground
effect, also when the ground is inclined with respect
to the rotor disc; 2. the presence of the ground no-
ticeably affects the wake inflow dynamic response;
3. the identification process requires long simula-
tions, due to the presence of relevant numerical
noise; 4. the validation tests show that the state-
space model is capable of accurately reproduce
the linear time invariant part of the low-frequency
inflow content which is that significantly affecting
flight dynamics. However, the wake inflow is also
characterized by time-periodic phenomena, which
cannot be reproduced by the proposed model, but
would require the introduction of a time-periodic
modeling approach.
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