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Abstract

The prediction of rotor loads in forward flight is car-
ried out with the 3D unsteady Euler code ROSITA
using a single-blade approach and accounting for
the influence of the other blades by means of far-
field boundary conditions. The latter are assigned
by a free-wake vortex lattice code. Comparisons
with experimental data and with computations ob-
tained with other methods show that the single-
blade approach may achieve accurate results, to-
gether with an improved efficiency with respect to
multi-blade Chimera methods.

1 Introduction

The flow round helicopter rotor blades in forward
flight is unsteady and characterized by strong non-
linear and three dimensional effects, transonic re-
gions near the tip of advancing blades, regions of
shock induced separations and dynamic stall at re-
treating blades. In addition, the blades shed com-
plex vortical wakes which strongly affects the oper-
ating characteristics of the rotor. Accurate predic-
tions of the behavior of the trailing vortex gener-
ated at the blade tip are of paramount importance
to rotor design. In hovering and descent flight the
interaction between a blade and the tip vortex shed
by the preceding blade is particularly intense and
the blade vortex interaction (BVI) mechanism influ-
ences the blade loads and furthermore the impulse
noise generated by the rotor itself.

Recent advances in modelling multi-bladed rotor
flows have been made solving the Euler/Navier
Stokes equations by the Chimera overlapping grid
approach [1] - [4] , naturally suited for describing
multiple bodies in relative motion. The Chimera
philosophy was also adopted during the EC funded

EROS project, the outcome of which was a com-
mon European rotorcraft aerodynamics simulation
system [5], including both the GEROS grid gen-
erator and the EROS Euler solver. However, for a
four- or five-blade rotor the computational effort re-
quired by a Chimera grid assembly may be so large
to preclude obtaining fast predictions of the aerody-
namic performances, needed during the preliminary
design stage. A better computational efficiency may
be achieved by solving for the near field of a single
blade, providing the effects of the complete rotor
wake system is properly taken into account. The
methodology proposed here, similar to that experi-
mented by Wagner and co-workers [6] , [7] , accounts
for the coupling of a free-wake, unsteady vortex lat-
tice model with the Euler solver [8]. The coupling
is carried out by specifying as far-field condition
for the Euler equations (fig. 1) the velocity field
induced by the wake, initially computed with the
help of the BEM code.

The present work aims at illustrating some of
the forward flight results achieved by adopting
the single-blade approach as implemented in the
ROSITA code, an Agusta - Politecnico di Milano
joint development of the EROS Euler solver.

2 Solver description

In order to achieve steady-state conditions in hov-
ering and to ease the application of the Chimera
methodology to multi-bladed rotors, the unsteady
Euler equations in the ROSITA solver are formu-
lated in terms of absolute velocity, expressed in a
rotating frame of reference RF linked to each blade.
The integral form of the equations may be written

as:
%/()w+]€9(3(f_f6)'n=/(zs’
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Figure 1: Single-blade approach.

where n is the outward normal vector and w =
(p,pu, E¥)T is the conservative variable vector,
with p mass density, u absolute velocity vector and
E*' total energy per unit volume. The flux vec-
tors and the source vector s, arising from the non-
inertial RF', are given by:

pu” pve
f=| puwu+PI ), f.=| puv. |,
(B + P)u” EtT
0
s=| —2x(pu) |,
0

where v, is the entrainment velocity vector and {2
the angular velocity vector of the RF in the ab-
solute frame. All velocity vector components are
expressed in the RF'.

The above equations are discretized in space by
means of a cell-centred finite-volume implementa-
tion of the Roe’s scheme [9]. A high resolution
scheme is obtained through the use of MUSCL ex-
trapolation [10] supplemented with a total varia-
tion diminishing (TVD) limiter to ensure mono-
tone solutions. The limiter formulation originally
implemented in the EROS solver has been found
to strongly influence the attainment of steady-state
solutions in hover conditions [11]. Therefore it has
been replaced by a modified version of the Van Al-
bada limiter, proposed by Venkatakrishnan [12], de-
pending from an empirical parameter K. A large
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value of K implies no limiting at all and therefore
reduces the numerical diffusion of the scheme, but
may lead to unstable solutions in case of shocked
flows. Small values of K may improve the conver-
gence to steady-state in hovering at the expense of
degrading the accuracy.

Time advancement is carried out with a dual-time
formulation [13]. A 2"¢ order backward differenti-
ation formula was applied to approximate the time
derivative. An implicit scheme is used in pseudo-
time , either a factored-unfactored (FUN) [14] or
a recently implemented fully unfactored (UNFAC)
method. The FUN method results in a two-factor
linear system which can be loosely described as un-
factored in each blade spanwise slice and approx-
imately factored in spanwise direction. It there-
fore requires much less storage than the UNFAC
method, at the expenses of a slower convergence to
steady state and therefore of a reduced computa-
tional efficiency. Three-fold improvements of the
speed of convergence to steady state has been ob-
tained with UNFAC. Both algorithms use the gen-
eralized conjugate gradient (GCG) method to solve
the resulting linear system, with preconditioning
based on a block incomplete lower-upper (BILU)
factorization.

The code has been fully parallelized using the MPI
library to handle communications between proces-
sors. For parallel computations the grid is auto-
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matically partitioned into several blocks during the
preprocessing stage. The linear system stemming
from the implicit scheme is solved separately for
each block. The block connectivity boundary con-
ditions are updated at each iteration of the GCG
solver to retain the rate of convergence and the sta-
bility of the original single block scheme.

2.1 Wake calculation

To perform single-blade forward flight calculations
with the Euler solver, the velocity induced by blades
and wakes in correspondence of suitable points at
the far field boundary are provided by the boundary
element code NUVOLA, which is an unsteady, in-
compressible, inviscid, three dimensional vortex lat-
tice method [15]. The blades are modelled as lifting
surfaces, of zero thickness, based on the mean chord
line of the airfoils with arbitrary twist and taper dis-
tribution. The discretization consists of quadrilat-
eral elements with constant strength equal to the
jump in the velocity potential. A time-marching
free wake calculation is performed starting from an
initial state of rest. At each time step a new row
of wake panels is added at the trailing edge of each
blade and the geometry of the wakes is updated ac-
cording to the influence of all the other wakes and
blades. A weak coupling is used to provide the far-
field boundary conditions for the Euler code [§].

2.2 Vorticity confinement

The compressible vorticity confinement formulation
requires the introduction of an additional term f,
in the momentum equation. The confinement term
S may be written [16] in terms of a (constant) co-
efficient €. and of the vorticity w as:

fb = —€MN¢ X W,

with the vector n. oriented in the direction opposite
to the gradient of the vorticity magnitude:

Vil
* = Vi

The source term s for the compressible confinement
formulation is therefore modified as:

0
s=| —2x(pu) — pecne X w
0

The inherent difficulty of this approach stems into
the choice of the coefficient €., that may vary of
orders of magnitude for different flows [17].
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3 Description of the test cases
and computational details

The ONERA/ECF 7A and 7AD model rotors,
tested at Modane and in the DNW tunnel during
the HELISHAPE research campaign [18], were sim-
ulated. The 7A is a four-bladed rotor with 2.1m
radius, 0.14m chord, linear twist distribution and
rectangular planform. The blades have an aspect
ratio of 15 and consists of airfoils of the OA2XX
series with 13% to 9% thickness. The 7AD has sim-
ilar dimension and airfoil shapes, but differs from
7TA for the presence of a parabolic swept tip with
anhedral angle.

In order to assess the accuracy of the proposed
method we considered three Test Cases (TC). The
first case refer to the 7AD rotor in high-speed, hor-
izontal forward flight. The second and third cases
consider the TA rotor at low speed forward flight
and descent flight, the latter exhibiting a stronger
interaction between the blades and the wake sys-
tem. The flight conditions reproduced in the ex-
periments and in the computations are summarized
in Table 1.

Two body fitted O-H grid were used for the Euler
computations, made up, respectively, of 120x50x 30
cells (a “coarse” grid) and 150 x 76 x 45 cells (a
“medium” grid). In the wake calculations, the blade
was approximated as a lifting surface consisting of
6 x 18 panels. Different time intervals (6 and 3
degrees) were employed to discretize the shed wake.

The discretization refinement for both the Euler
grid and the vortex-lattice wake yields very small
variations in the computed results [8]. Therefore,
the “coarse” Euler grid has been employed in the
present computations. The consistency of the re-
sults obtained by NUVOLA and ROSITA is demon-
strated examining the load history and the vorticity
fields, as in figure 2 where we superimposed the vor-
tex lattice produced by a single blade predicted by
NUVOLA and the isosurfaces of the vorticity vec-
tor modulus generated by ROSITA for the same
azimuthal angle.

4 Discussion of results

Results will be presented in three subsections with
different goals. In the first subsection, an extensive
comparison with other single-blade and multi-blade
codes is performed for the high speed case TC1 to
assess the accuracy of the present results. Then,

&
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TC1 TC2 TC3

Modane 0987 | HELISHAPE 0067 | HELISHAPE 0165

Tip Mach number | Mg, 0.617 0.616 0.618

Advance ratio I 0.419 0.167 0.214

Shaft angle Qrpp 11.8° 1.48° -3.72°
Table 1: Flight conditions for the selected test cases

z

Figure 2: Wake system at ¥ = 90° for TC2.

the effect of the vorticity confinement technique on
the achieved results will be discussed for the two
low speed test cases. Finally, a comparison between
single-blade and Chimera results for TC3 will assess
the efficiency of the single-blade approach.

4.1 Comparison with other codes

An assessment of the present results is carried out
against experimental data and results from other
codes. Test case TC1 has been selected because it
has been computed by several authors with different
methods [4], [19], [20]. The azimuthal variation of
pitch angle 6 (referred to r/R = 0.7) and flap angle
8 is specified as [20]:

0 = 11.36° + 1.9181°cos(¥) — 5.0778°sin(¥)
B = 2.203°—5.0778%cos(¥)

while lag motion is neglected.

Figure 3 shows the temporal history of the blade

normal force coefficient C,, M2 at two spanwise sta-
tions (r/R = 0.7 and r/R = 0.915) obtained with
the present method, together with those achieved
by other single-blade approaches and with experi-
ments. The other considered approaches are a full
potential model (the common European code He-
iFP [21]) and an Euler model (the DLR code ROT-
CATS [20]), both accounting for the wake influence
through a modification of the solid body boundary
conditions. The present results are close to those of
the other single-blade methods, generally predict-
ing lower loads at the different blade stations. The
agreement between the three predictions and the
experimental data may be considered of the same
order of magnitude.

A similar comparison is made in figure 4 with the
results obtained for multi-blade calculations [4], in
which the wake is obtained as part of the Eu-
ler solution. The reference numerical results are
obtained, respectively, with the ONERA moving
blade method and with the DLR Chimera code.
The agreement of the present single-blade calcula-
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Figure 3: Comparison with other single-blade codes for TC1.
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Figure 4: Comparison with multi-blade codes for TC1.

tions and the multi-blade approaches is encourag-
ing, the differences between the numerical results
being smaller than those observed with the previ-
ously examined single-blade methods.

4.2 Effects of vorticity confinement

An extensive set of calculations were carried out
for TC2 to analyze the effects of the coefficient e,
of the vorticity confinement model. Figure 5 re-
ports the temporal history of the normal force co-
efficient C,, at two spanwise stations (r/R = 0.5
and /R = 0.7), for values of e, ranging from
zero to 3. The case without vorticity confinement
(e¢c = 0) is shown with the solid line. The over-
all influence of the confinement on the blade loads
is small. It is more pronounced for the retreating
blade (240° < ¥ < 340°) and mainly at the inboard

station (r/R = 0.5).

The analysis of the vorticity field at ¥ = 270°
(fig. 6) clearly shows two effects influencing the
loads. The tip vortex of the preceding blade, en-
tering the domain through the imposed far-field
boundary conditions, without vorticity confinement
is quickly diffused. With confinement the vortex
extends above the blade and its suction promotes
a localized increase of the sectional loads at the
outer (r/R > 0.8) blade stations. More inboard
the confinement allow to reproduce the influence of
the vortex sheets shed by the other blades, which
interact in a quite complicated manner close to the
rotor disk. The influence on the loads is clearly seen
at r/R = 0.5, where the solutions with a sufficient
amount of confinement better reproduce the waving
distribution of C,, with azimuth.

There is a range of €. in which the result are unaf-

29TH EUROPEAN ROTORCRAFT FORUM
Friedrichshafen, Germany, 16-18 September 2003

62-5

M. Biava et al.
Efficient Rotor Aerodynamics...



PN

PN

14

12

Exp. HELISHAPE

ROSITA - No vort. contf.
- ROSITA - Vort. c

ROSITA - Vort. c
ROSITA - Vort. ¢

N
200
1T}

r/R=0.50

| L
300

29th European Rotorcraft Forum, Friedrichshafen, 16-18 September 2003

> M =

14 o Exp. HELISHAPE
- ROSITA - No
~ ROSITA - Vort

12|

M PR TR T
0 100 200 300
1T}

r/R=0.70

Figure 5: Effects of vorticity confinement on the computed load histories for TC2.

e | Cr/o

0.0 | 0.07301
0.1 | 0.07300
0.3 | 0.07297
0.9 | 0.07241
1.1 | 0.07228
2.0 | 0.07227
3.0 | 0.07227

Table 2: Overall thrust as function of the €, value
for TC2.

fected by its particular value. In the results of fig. 5
the curves for e, = 2 and ¢, = 3 practically coincide.
For a value of €, > 3.6 it was not possible to reach a
pseudo-time converged solution anymore. This sug-
gests that a quantitative convergence of the results
to the variation of €, should be sought by a trial and
error procedure. The influence of the confinement
technique on the overall thrust is anyway as small
as 1% for the present case, as shown in Table 2.

The last considered test case, TC3, is characterized
by a negative shaft angle (i.e. the shaft was inclined
backward during wind tunnel tests). This configu-
ration generally leads to the highest level of blade-
vortex interaction and, consequently, is deemed par-
ticularly interesting to further assess the capabili-
ties of the vorticity confinement method.

In figure 7 the temporal history of the normal force
coefficient C,, for radial stations at r/R = 0.70
and r/R = 0.82 is shown, where the squares rep-
resent the experimental data and the solid line
refers to the computation without vorticity confine-
ment. Marked oscillations of the normal force co-
efficient may be observed in the experimental load

history for azimuthal angles in the range 0 — 80°
and 280 — 360°, revealing, as expected, a close in-
teraction between the blade and the wake system.
The solution computed with no confinement, on the
other hand, exhibits only partially the load peaks
induced by the BVI, due to the fast dissipation of
the vorticity.

Applying the vorticity confinement with e, = 3.0 al-
lows to achieve a closer matching between the com-
puted normal force coeflicient and the experimental,
proving the effectiveness of the present approach.
Nevertheless, some details of the experimental so-
lution are still not well reproduced, even if values
of the confinement parameter higher than 3.00 are
used. As for TC2, the influence of €. on thrust is
very small, being the improvement in Cr/o lower
than 0.6%.

4.3 Efficiency of the single-blade ap-
proach

To quantify the efficiency of the single-blade ap-
proach, a comparison is made for TC3 with a
Chimera multi-blade calculation. The Chimera
method developed during the EROS project [5] has
been improved in the ROSITA code through a par-
allelization of the tagging process, needed to com-
pute the connectivity of the overset grid system.
The tagging algorithm in itself is very difficult to
parallelize efficiently, requiring a large amount of
inter-grid communications. An easy way to circum-
vent this difficulty is to perform the tagging cal-
culations at the preprocessor stage for the whole
rotor revolution, subdividing the different blade az-
imuthal positions among the processors. In this way
the original tagging algorithm is retained, at the
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Figure 6: Isosurfaces of |w| = 0.4 without and with confinement at ¥ = 270° for TC2.

mere expense of an increased disk space require-
ment.

The Chimera grid set employed is made of a 60 x
50 x 20 cell grid for each of the four blades and of a
210 x 66 x 108 cell background cylindrical grid (fig.
8), for a total of 1.73 million of unknowns, i.e. a
rather coarse grid for both the blade and the wake
regions. Computed results after two rotor revolu-
tions, shown in figure 9 with the solid line, confirm
that the grid is too coarse to correctly reproduce the
blade-vortex interactions. Slightly better results are

achieved with the single-blade calculations. The
latter approach is obviously more computationally
efficient, allowing for a seven-fold saving in CPU
time for parallel runs on 10 processors, despite to
the fact that the vortex lattice wake calculation has
not been parallelized yet.
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Figure 7: Effects of vorticity confinement on the computed load histories for TC3.

17777
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Figure 8: Chimera grid set for TC3.

5 Conclusions

Load predictions obtained with the ROSITA code,
operating in single-blade mode, have been presented
for the 7TA and 7AD model rotors in high-speed
and low-speed forward flight. Comparisons with
experiments and with results from different numer-
ical methods are encouraging. Despite the inherent
theoretical discrepancy of its linear /non-linear cou-

pling, the single-blade approach is shown to yield
satisfactory results even in presence of moderate
Blade Vortex Interaction (BVI) conditions. The
agreement achieved by the present method with
the experimental data is comparable with that of
full-rotor simulations, at a much reduced compu-
tational effort. The achieved results demonstrate
that forward flight aerodynamic performances may
be computed in a very efficient way by a single grid
near-field Euler computation in which the far-field
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Figure 9: Comparison between Chimera and single-blade results for TC3

boundary conditions account for the presence of the
full vortical wake, the latter being obtained with a
free-wake vortex lattice method. The flexibility and
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