1

B-12
PAPER N 50

Application of European CFD Methods for
Helicopter Rotors in Forward F‘Iight1

M. Costes™, R. Houwink™™, A. Kokkalis™, K.
Pahlke™, A. Saporiti***

* ONERA, Chatillon, France
** NLR, Amsterdam, The Netherlands
+ WHL, Yeovil, UK.

* DLR, Braunschweig, Germany

7+ Agusta, Cascina Costa Di Samarate, Italy

Abstract

This paper presents development and validation of Europecan CFD codes for
helicopler rotors. This work was completed during the BRITE/EURAM DACRO
project. The methods were compared on Lest cases selected in common, dealing with
rotors in high speed forward flight The methods tesied cover a wide range of
formulations available to compute such a complex flow, from 2D unsteady viscous
TSP, 2D unsteady Fuler, 10 3D quasi-steady and unsteady polential, with or without
boundary layer corrections. The results show that the flow unsteadiness and
three—dimensionality are important to describe the transonic zone correctty.

1 Introduction

In the helicopier industry, the development and use of CFD is less advanced than for
fixed wing aircraft, mainly because of the complexity of helicopter rotors (articulated
blade, unsteady flow, transonic advancing blade, retreating blade stall...). Naturally, the
progress made in CFD for fixed wing is used in rotorcraft, but further development is
necessary because of rotor flow unsteadiness and complexity.

Within the BRITE/EURAM programme DACRO, several European CFD codes for
rotors were improved and validated on common test cases [1]. The purpose of this paper is
to present a synthesis of the computations performed for high-speed forward flight. The
different methods used are a two-—dimensional transonic small perturbations code
including viscous effects with a strong coupling technique, a two—dimensional unsteady
Euler code, a three-dimensional quasi-stecady transonic small perturbations code, a
three—dimensional non--conservative full potential code, in unsteady or quasi-steady
formulation, and an unsteady conservative full-potential code (with or without boundary
layer corrections, given by an unstcady three—dimensional turbulent boundary layer code
in integral form). The configurations calculated were isoialed rotor test cases obtained in
the ONERA S52Ch wind—tunnel. The test cases sclected concern two nonlifting rotors at
high--speed forward flight, one with a straight tip and the other with a swept tip, and a
lifting rotor equipped with rectangular blades, also in high-speed forward flight.
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A comparison of the various mcthods shows the level of agreement which can be
obtained with experiment for increasing levels of sophistication, In particular, the
importance of flow three~dimensionality, unsteadiness, viscosity, potential assumption and
small disturbances hypothesis can be discussed. Furthermore, by integrating the compuled
pressure distribution, the 1ift values arc compared to the results given by a standard
industry rotor code and to experiment, thus widening the interest of the comparison.

2 Computational methods

2.1 2D unsteady methods

At DLR, an existing 2D Euler solver was used to develop an unsteady version, capable
of computing the flow on a rotor blade section [2), The method is discretized using a cell
centered finite volume formulation for the relative velocity, in a rigid grid fixed to the
airfoil. This central numerical scheme is second order accurate in the regions where the grnid
is sufficienty smooth and is stabilized by explicit antificial viscosity, using second and
fourth order dissipations incorporated with adaptive coefficients. A tangency condition
(vanishing normal flux) is imposed on the airfoil surface. In the far field, nonreflecting
boundary conditions using cither Riemann invariants or characteristics variables, are used.
The time dependent equation is solved with an explicit Runge—Kutta multi-stage time
stepping scheme, with a simplified evaluation of the dissipative flux terms. Speed—up
techniques, such as implicit residual smoothing, are implemented in order to improve the
code efficiency.

At NLR, an existing unsteady TSP code with strong viscous effects was modified to
include the effect of a variable free--stream Mach number [3]. The equations are solved in
a coordinate system rotating with the blade. The inviscid TSP solver computes the
development of the flow with time on a rectanguiar grid using an ADI method for each time
step. The viscous catculation is a modified version of Green's lag—entrainment method for
the turbulent boundary layer and the wake. The initial laminar part of the boundary layer is
computed using the compressible version of the method of Thwaites, A strong coupling
between the viscous and the inviscid zones is ensured by simultanecusly solving the
z—-sweep of the ADI method, in which boundary conditions on the airfoil are implemented,
along with the boundary layer equations. This allows the efficient computation of attached
as well as separated {low.

2.2 3D methods

At ONERA, an unsteady 3D conservative full potential code, FP3D, was improved and
validated [4]. It solves the mass—conservation and the Bemoulli equations in a blade fixed
frame, using an implicit finite—difference algorithm in a generalized coordinates system.
The scheme is first order in time and second order in space. A monotone, entropy satisfying,
Engquist~Osher flux biasing scheme was implemented to maintain stability in the
supersonic regions, thus lowering spatial accuracy to first order in the supersonic zone. The
equation is solved with an approximate factorisation technique. On the blade surface, a
langency or iranspiration condition, necessary (o simulate the inflow, is imposed. At the
grid boundarics, nonreflecting boundary conditions, derived from a lincarisation of the
potential equation with wave-like inpuls, are applied. Viscous corrections, given by an
unsicady 3D wrbulent boundary fayer code written in integral form, were introduced with
a simple transpiration velocity technique. They explicilly modify the boundary conditions
on the blade surface 10 simulate the boundary layer displacement effect. Since the
boundary layer cannot compuie scparated flows, only a weak coupling between the
inviscid and the viscous regions is nccessary. In the present paper, only inviscid
calculations are shown with this method,
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At WHL, an existing 3D quasi-steady finite diflference TSP atgorithm (developed at
DRA Farnborough) was uscd 1o compute helicopter rotor flows [5]. Itis able to solve the
flow over a helicopter rotor blade at arbitrary azimuth in hover or forward Qight,
Conventional TSP approximations are used in developing the equation, with an ordering
scheme o simplify the final equation o be solved. The basic cquation includes the spanwise
flow terms, which arc essential o the modelling of blade azimuthes away from the
advancing blade, but excludes any time dependent terms. In onder to ensure stability in
local regions where the flow is supersonic, it is necessary to switch from central to upwing
finite differcance forms in a dircction corresponding to the local velocity vector. The
discretised algebraic system is solved using a Gauss—Scidel method and a locally adjusted
relaxation scheme.

At Agusta, the 3D sicady non conservative full potential code was extended 1o
unsteady flow conditions, by adding the time dependent terms in the equation [6]. A
finite difference algorithm, writien in a blade fixed frame was implemented. Spatial
derivatives are expressed as second order centered finite differences. The method uses
Jameson rotated difference scheme to introduce implicit artificial viscosity in the
supersonic region by upwinding the streamwise derivative of the flux component.
Therefore the scheme is only first order for supersonic flows. An implicit ADI technique is
used to selve the second order accurate centered time dependent operator. Finally,
nonreflecting boundary conditions, based on a plane wave assumption, are applied at the
grid boundaries.

3 Test cases

3.1 Nonlifting rotor

This nonlifting two—bladed rotor was tested in the ONERA S2Ch wind tunnel. It has a
small aspect ratio, slightly tapered planform, and is equipped with symmetric NACAQOXX
airfoils (figure 1). Three blade sections, at 85, 90 and 95% of the rotor radius, were
equipped with unsteady pressure transducers, and global performance measurements were
also performed. The model was tested at high-speed forward flight (pu=0.4, 0.45, 0.5) for
a rotating tip Mach number M =0.625, corresponding to highly transonic flows on the

advancing biade side,

3.2 Lifting rotor

This rotor, shown in figure 2, was also tested in the ONERA S2Ch wind tunnel. It has a
rectangular planform, and is equipped with SA131XX airfoils. As for the nonlifting rotor
above, the blade has a small aspect ratio and is very rigid. Again, the scctions at 85, 90 and
95% of the rotor radius were instrumented with unsteady pressure transducers. The test
case selected 1o validale the methods is a high speed forward flight case, with an advance
ratio p=0.43, a rotating tip Mach number M, =0.63, and a lift coefficient C; /6=0.065.

4 3D forward flight calculations

4.1 Nonlifting calculations

In this scction, nonlifting caleulations for rotors at high speed forward {light are
presented. All the methods deseribed above were used in the present comparison (NLLR 2D

=
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unsteady transonic small perturbation code, DLR 2D unsteady Euler solver, Westland 3D
quasi—steady transonic small perturbations code, Agusta 3D non conservative unsteady full
potential code and ONERA 3D conservative unsteady full potential code). This correlation
then covers a wide range of theories, with the exception of 3D Euler and Navier Stokes
solvers which are not currently operational for these complex flows.

Figure 3 shows the chordwise pressure evolution at i/R=0.90 and the lowest advance
ratio, 0.4. The 2D methods, NLR and DLR, overpredict the shock intensity, indicating that
the flow three—dimensionality strongly reduces the shock strength, The DLR Euler shock is
the strongest, because viscous effects also reduce the isentropic NLR~TSP shock intensity,
which is closer 1o the experiment and to the three—dimensional calculations. As far as
three—dimensional methods are concerned, the quasi-steady Westland TSP calculation
clearly underpredicts the transonic flow after w=90°. This is duc to the absence of
unsteady cffects in the formulation, which are known 1o delay the occurrence of transonic
flows. The unsteady full potential methods give the betler correlation with experiment,
Among them, the Agusta method gives lower transonic flows because the formulation is
non conservative, and the best simulation is given by FP3D, which is very close to
experiment.

Figure 4 shows the azimuthal pressure evolution at i/R=0.90 and several chordwise
stations (x/c = 0.2, 0.3, 0.4 and 0.5). This representation gives a view of the transonic flow
development on the blade, The 2D methods obviously overpredict the supersonic extend.
Among the 3D methods, the Westland code is not time accurate with its quasi-steady
hypothesis, and the shock motion is not correctly captured by the calculation. This shock
motion is better predicted by the Agusta code, but it is still not quite accurate because of the
non—conservative formulation. The FP3D predictions are in good agreement with
experiment, and the shock excursions at each chordwise station are well predicied.

Similar calculations are shown in figures 5 and 6 for the higher advance ratio p=0.5.
Correspondingly, the shock intensity is higher, and the computer codes predict this fact
correctly (figure 5). However, this very high speed case is too severe for the 2D
calculations. The shock computed by the DLR Euler code is much too strong. Furthermore,
- the NLR code computes a fully separated flow behind the shock, which is not realistic for a
real 3D configuration under these fiight conditions. This shows the limit of the 2D
assumption on a rotor blade. Concerning the 3D calculations, the quasi—steady Westland
calculations show the same discrepancics as those seen at the lower speed, with a clear
underestimation of the shock intensity at y=150°. The Agusta full potential code gives
good results at w=60°, but the shock intensity is underestimated for the remaining
azimuthes shown. Opposite results are found for the ONERA FP3D code, which gives
reasonably good results except at y=060° where the shock intensity is too strong. However,
the shock intensity is always slightly overestimated. At this very high speed case, the
isentropic assumption may be more irrelevant, inducing then errors in the computed shock.
However, the correlation is still satisfactory.

Figure 6 shows the azimuthal pressure evolution, still at the same blade section. The
comments made above at 1=0.4 can be repeated. The best time accuracy is given by FP3D
which computes the shock motion correcily, while the Agusta and the Westiand
calculations underestimate the transonic azimuthal extension, especially for the
quasi—steady Westland calculations. As far as 21D methods are concerned, the comparison is
less penalizing for the stations shown on the figure because, at this very high speed case, the
shock excursion is greater.

4.2 Lifting calculations
The lifling configuration has been computed with the Westland TSP and the ONERA

FP3D codes for the 3D methods, and by the NLR TSP and the DLR Euler codes for the 2D
methods. The flight conditions are 1=0.43 and C/0=0.066. For a lifting rotor, since the

present CFD methods only compule an isolated blade, the blade inflow must be given by an
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extemnal model. For the present caleutations, the same inflow was used for both 3D and 2D
calculations, This was given by a lifting line model with fixed wake geometry (METAR
code from Eurocopter France, [7]), in which the experimental blade movement (pitch,
flap) was used as input. In the 3D potential methods, the near wake is taken into account in
the computational domain through a branch-cut. Therefore its influence was removed from
the whole METAR wake when computing the rotor inflow. In catculating the inflow angle
from the METAR wake for input into the 2D unsieady codes, the effects due 1o both the
steady and unsteady near wake were included. The unsteady 2D methods, however, also
compuie the unsteady contribution of the near wake. Thus in order to avoid a "doublc
accounting" of the near wake unsteady effects, these should be removed from the
calculations. This was not possible in the present research programme and thus some
"double accounting” of the near wake unstcady ¢effects is included in the present 2D
calculations.

Figure 7 shows a comparison of the computed pressure distribution with experiment at
r/R=0.90 for the 3D codes. The quasi—stcady Westland TSP calculation was only
performed on the advancing blade side, while the ONERA FP3D code computed the whole
rotor revotution. The FP3D code gives good agreement with experiment for the advancing
blade side, and the shock position and intensity is well computed on the upper surface,
contrary to the Westland TSP calculation which, because of the quasi-steady assumption,
overestimates the shock intensity before y=90° and underestimates this intensity after
w=90°. On the lower surface, FP3D computes correcily the velocity peak at the leading
edge, where supersonic flow is found at y=60° and w=90°, as also given by the
experiment. Probably because of the small perturbation hypothesis, the TSP code does not
compute this velocity peak, and large differences with experiment are found in this region.
The same comparison is shown in figure 8 for the 2D methods, NLR and DLR. Reasonably
good agreement is also found with experiment, but as expected, the computed shock 1S too
strong because three~dimensional effects reduce its intensity. On the lower surface, the
leading edge velocity peak is computed by both methods, but it is smaller than for the
experiment or the FP3D calculations. An insufficient grid density in this region can be
suspected, at least for the DLR Euler calculations. Figure 9 shows the unsteady
computations for the retreating side given by the unstcady methods (3D ONERA FP3D, 2D
NLR TSP and 2D DLR Euler). All the methods give very similar results and correlate well
with experiment. The flow acceleration on the upper surface and the cornpression on the
lower surface are lower in the FP3D computations, which is due to three—dimensional
effects.

Figure 10 shows a comparison of the lift coefficient evojution versus the azimuth, as
compulted by the ONERA FP3D, the Westland TSP, the NLR TSP, the DLR Euler, the
lifting line code METAR (which was vsed to compute the inflow as input in the CFD
methods) and experiment, for two sections (85 and 90%). The 1ift prediction is reascnably
good for all the unsteady methods on this very rigid blade, except at the azimuth y=0°,
where interactions with the rotor hub induce a sudden lift loss in the experiment. The 2D
methods tend 10 overestimate the section lift. On the advancing blade side, this is due to the
too strong shocks found in the 2D calculations. On the retreating side of the rotor disk, the
lift computed by the NLR TSP method is lower than the DLR Euler lift, which is due 1o
viscosity included in the NLR calculations, and these viscous calculations are closer to
experiment. The best correlations with experiment are given by METAR and FP3D, which
give very simitar results, even if they slighily underestimate the lift around y=180°.
Westland caiculations show the farger discrepancics with respect 10 experiment, probably
because of the quasi—steady assumption. A similar comparison is shown in figure 11 for the
moment cocfficiert. Pue to its smatl values, conclusions are more difficult to draw. 3D
metheds always give a positive moment cocfficient and low variations with the azimuth,
this last point being in closer agreement with experiment. The 2D methods scem 10 give
better results at r/R=0.85 and FP3D is closer 1o experiment at r/R=0.90. The METAR and

Westland Cm values have the Jower fluctuations, with METAR giving a rcasonably good
average value,
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Conclusions

This limited comparison of various European CFD codes used 10 compute a helicopter

rotor in forward flight led to the following conclusions :

- the 2D methods, viscous or inviscid, give the general behaviour of the flow
occurning on a helicopter rotor blade; nevertheless, at high speed, they cannot give
an accurate description of the flow, because the flow three~dimensionality has a
strong influence on the shock wave’s intensity, which is then overestimated by such
caiculations; however, as a first approach, they can be viewed as satisfactory;

— among the 3D methods tesied, all of which arc based upon the potential flow
assumption, it was found that the TSP quasi-stcady formulation is not appropriate 10
simulate helicopter blade flow in forward flight and for azimuth positions other
than y=90°, because unsteady effects are important when shock waves or large
incidence and incidence gradients occur; similarly, the small perturbation
hypothesis is not satisfactory because modem helicopter airfoils have a high leading
edge curvature on the lower surface; at least an unsteady {ull potential approach is
therefore necessary; comparisons between the Agusta and the ONERA codes show
that the formulation must be fully conservative 1o minimize errors, especially as far
as shock motion and intensity is concerned; the FP3D code is seen to give the best
correlations with experiment for the configurations tested, which suggests that the
main {low features are included in the model; more sophisticated models, such as
unsteady Euler or Navier—Stokes would probably slightly improve the correlation
for the part of the rotor disk considered {cuter part), but their main interest would
be in their ability to capture the rotor wake and, for Navier—Siokes solvers only, for
the computation of arcas of rotor flow when strong viscous effects are dominant (eg
shock—induced separation, dynamic stall); their computer cost, however, will be
much higher than for potential models; an intermediate and efficient solution could

be a strong coupling between an unsteady full potential model and the boundary
layer equations.
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