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Abstract

This paper presents the development and
validation of a CFD method suitable for
analysing the flow around a complete
helicopter. Emphasis is placed on the
detailed validation for a range of flow cases
designed to assess the predictive capability
of the method. Several fundamental flow
cases are presented including tip flows,
blade-vortex  interaction and  three-
dimensional dynamic stall. Solutions for
isolated rotors are also obtained both at
hover and forward flight conditions. The
detailed validation of the method for
fundamental flows was found to be
beneficial when more complex cases were
considered like the flow around a helicopter
fuselage or the rotor/fuselage interaction.
Throughout, experimental data available in
the public domain has been used and a
substantial validation database has been
compiled. Overall, the method was found

capable of capturing the basic flow
characteristics, however, the need for
detailed experimental data has been

identified as a number one priority in order
to assess the method in predicting the
interactions between the main rotor the
fuselage and the tail rotor at a wide range of
conditions.
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Introduction

In contrast to CFD solutions for complete
fixed-wing aircraft, which appear frequently
in the literature, the case of a full helicopter
still remains rare [1,2,3]. There are several
reasons for this, the main being the
complexity of the flow around a helicopter
which can challenge modern CFD methods
even when the conditions considered are
well within the design envelope. A
summary of the flow phenomena associated
with helicopter flows can be found in the
review paper by Conlisk [3] and is discussed
in detail in specialised rotorcraft textbooks
[4,5,6,7]. For this work three fundamental
flow phenomena have been identified as key
for CFD validation. These include the
formation of the tip vortex [8-9], the three-
dimensional dynamic stall [10-11] and the
blade-vortex interaction [12-13]. In
addition, the CFD analysis of the flow
around isolated rotors in hover and forward
flight conditions requires specific
formulation of the governing equations to
account for the rotation and the actuation of
the blades which is not the case for the
fixed-wing problem. For this work several
flow cases have been considered based on
public-domain experimental data [14-18].
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Contrary to the fixed-wing problem, the
deflection of the blades during flight is a
fundamental part of the problem making it
difficult to distinguish between the
aerodynamic and aeromechanics aspects.
Detailed analysis and careful trimming of

the rotor is thus required [19-22] if
comparisons are to be made against
experiments.

Finally, the flow around the helicopter
fuselage is a fundamentally different
problem than those discussed above since it
has strong bluff-body characteristics which
contrasts with the flow around the rotor. For
this work the CFD method has been tested
against experimental data for the ROBIN
body [23-24]. The same body has been used
as the basis for assessing the capability of
the current CFD method for the rotor-body
interaction problem.

Results have been obtained for several flow
cases ranging from the fundamental flows
discussed in the previous paragraphs, to
isolated rotors and further to rotor/body
interaction. Comparisons against data from
experiments were used in order to assess the
CFD method, the employed grids and
turbulence models. Finally, conclusions
from this exercise are drawn and future steps
are highlighted.

Numerical Method

The CFD method summarised in [25] and
further extended and utilised for rotor flows
in [26] forms the basis of this work.

The code is capable of solving flow
conditions from inviscid to fully turbulent
using the Reynolds Averaged Navier-Stokes
(RANS) equations in three dimensions.
Detached eddy simulation and large eddy
simulation options are also available. One-
and two-equation turbulence models are
available for RANS simulations and these
represent a good compromise between
accuracy and efficiency for most of the flow
cases considered in this work. To solve the
RANS equations, multi-block grids were
generated around the required geometries,
and the equations were discretised using the
cell-centered finite volume approach. For
the discretisation of the convective fluxes,
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Osher's scheme has been used. A formally
third order accurate scheme is achieved
using a MUSCL interpolation technique.
Viscous fluxes were discretised using
central differences. Boundary conditions
were set using two layers of halo cells. The
solution was marched in time using an
implicit second-order scheme and the final
system of algebraic equations was solved
using a pre-conditioned Krylov subspace
method.

In addition to the above, the motion of the
blades due to rotation, pitch, flap and lead-
lag has to be accounted for and this is done
via grid deformation with the exception of
the rotational motion. To deform the CFD
grid the trans-finite interpolation (TFI)
method has been employed. Figure la
shows a rotor blade surrounded by a set of
blocks which are designed to move with it
undeformed. All other blocks in the grid are
allowed to deform using the TFI method. It
was found [26] that this hybrid technique
resulted in better grid quality for the
simulations in comparison to pure TFIL.

The sliding plane concept is used to allow
rotor/body simulation. According to this
method the grid around the fuselage stays
fixed (See Figure 1b) while the grid
surrounding the rotor blades is allowed to
rotate. Communication between the two
grid sets is done via a sliding plane which in
effect is a part of computer memory where
an interpolated solution is constructed using
information from the grids on the adjacent
sites. This technique has been used in the
past in turbomachinery computations (see
ref 27 for example) and good accuracy has
been reported.

Results and Discussion

In the following paragraphs results are
presented for a wide range of cases
assessing the ability of the solver.
Fundamental and complex flows have been
considered.

Fundamental Flows

The flow around a blade tip and the
formation of the tip vortex, dynamic stall in
3D and head-on parallel blade-vortex



interaction cases have been considered. The
results presented in this paper represent only
a small fraction of the cases studied which
are now part of the validation database of
the CFD solver.

Tip flow

The current CFD method has been validated
against experimental data of the velocity
field behind wing tips at steady and
unsteady flow conditions. Figure 2a
presents a comparison between CFD and
experiments by Margaris [8] for the
streamwise velocity component behind a
NACA 0015 wing at a fixed incidence of 10
degrees. This detailed experimental
investigation provided high fidelity data
necessary for CFD validation using a PIV
system. As can be seen, the velocity
magnitude is well predicted and the same
can be said about the location of the tip
vortex. For the CFD computations, a fine
grid of more than 600 thousand cells had to
be used in order to capture the details of the
rollup of the vortex and preserve its
structure downstream. For unsteady flow
conditions, the work of Ramaprian et al [9]
has been used. Figure 2b presents the
comparison between experiments and CFD
for the flow field near the tip at various
phases during the oscillation of the wing.
The position of the wing’s trailing edge is
denoted by the dashed line and as can be
seen the position of the vortex is accurately
captured. In comparison to the previous set
of data it should be noted that the matrix of
measurements behind the wing is sparse.
For this case the laser had to be moved to
cover the whole flow field and consequently
the results are of lesser resolution on
comparison to the PIV close to the tip.
Again, fine CFD grids of about 500
thousand points had to be used. For all
cases a variety of turbulence models of the
k-omega family were used and the transition

point was fixed as indicated by the
experiments.
BVI

In contrast to the previous cases where the
tip vortex is continuously fed by the
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pressure difference between the two sides of
the wing, blade/vortex interaction cases
show a greater dependence on the employed
grids and numerical schemes. To counter
the excessive numerical dissipation and
dispersion associated with relatively coarser
grids the current CFD solver was modified
to include the vorticity confinement method
[28]. The details of the implementation are
given in the recent paper by Morvant et al.
[13] and results are shown here for subsonic
(Figures 3a,3b) and transonic (Figure 3c)
parallel BVI cases simulated as two
dimensional interactions between a vortex
and a blade section. The experiments by
Lee and Bershader for a NACA section at
zero incidence were used for validation and
indicative results are presented in Figures 3a
and 3b. As can be seen, the confinement
method was found to be adequate for
simulating this case and the results obtained
for the history of the surface pressure
distribution are in good agreement with
measurements. It has to be noted that
without the vorticity confinement method
grids of about 200 thousand points were
found to be inadequate for simulating the
BVI since the core of the vortex was
sensitive to the numerical scheme employed.
However, even at transonic flow conditions
(Figure 3c) the current method was able to
track the vortex during its interaction with
both the aerofoil and the shock present. As
can be seen the vortex persists after
surviving the interaction with the shock and
continues along its path, passing just below
the blade section.

Dynamic stall

In addition to the tip flow and the BVI the
phenomenon of dynamic stall was also
studied. In contrast to most of the works
found in the literature dynamic stall was
studied in 3-D. Several cases have been
considered for validation and a detailed
account of the 3D dynamic stall flow can be
found in the recent paper by Spentzos et al.
[29]. Emphasis was put on comparisons
against modern experimental data obtained
using optical techniques. Such data have
been provided by the work of Berton et al.



[10] and a comparison is shown in Figure
4a. The detailed comparisons shown in the
figure indicates that the evolution of the
dynamic stall phenomenon is well captured
and the formation and growth of the
dynamic stall vortex are well represented by
the CFD method. The size of the separated
flow region is always well-predicted for this
case at all location on the oscillating wing
and for all phases of the phenomenon. In
addition to  this  comparison, the
experimental data by Coton and Galbraith of
Glasgow University [11] were also used and
comparison against CFD results for the
surface pressure distribution is shown in
Figure 4b. The characteristic foot-print of
the dynamic stall vortex on the surface
pressure is well captured. Due to the
complexity of the phenomenon and the rapid
development of the dynamic stall,
refinement of the time-step used for the
CFD was found to be a key factor with up to
500 steps required per oscillation cycle if
accurate results are needed. Again, linear
and non-linear turbulence models of the k-
omega family have been used along with
fixed transition.

Isolated Rotors

A second set of validation cases considered
isolated helicopter rotors in hover and
forward flight. The key challenge was to
obtain accurate results with the minimum
possible CPU time.

As explained in the numerical method
section, the rotor blades are surrounded by
rigid blocks of cells to allow for adequate
prediction of the surface pressure.
Deforming grids are used to allow the blades
to move. In total, validation results for
about fifteen model rotors have been
obtained and only a small fraction is shown
here. Studies using the Caradonna-Tung
[17] rotor were first conducted in order to
establish the required grid density and multi-
block topology.  Although emphasis is
placed on the accurate prediction of the
surface loading the grids were also refined
in the wake region in order to capture the
rotor wake. Figure 5a presents results of the
wake behind a hovering Caradonna Tung
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rotor for two grid densities. As can be seen
about 4 million cells are needed in order to
capture the second revolution of the wake
spiral. The position of the vortex was
accurately captured as can be seen in Figure
5b where CFD predictions are compared
against experiments [16] for the wake of the
UH-60A rotor. It is remarkable that good
accuracy can be obtained even on grids of
about 1.5 million points per blade. Using
data for the same rotor [16] the accuracy of
the solver in prediction the loads in hover
has been assessed. Figure 6 compares the
predicted surface pressure for a hovering
case against the experimental data. For this
case, grids of 1.5 million points per blade
were used and although the calculations
were conducted for an inviscid model the
thrust coefficient was well predicted and
encouraging results have also been obtained
for the torque. Several other comparisons
using the ONERA model rotors or the
ONERA 7A/7AD blades [14] resulted in
similar conclusions. In the literature a wide
range of cases is available for isolated model
rotors which can be used for validation of
CFD codes. It is, however, evident that
surface pressure measurements combined
with integrated load measurements and
wake surveys are rare. As experimental
techniques advance and accurate PIV and
LDV/LDA data is obtained for unsteady
flows further validation will be carried out.

Flow around fuselage

Heading towards CFD simulation of a
complete helicopter the solver was first
validated against experimental data for flow
around an isolated fuselage. Such data are
available for the ROBIN body by an
extensive experimental campaign at NASA
[23,24]. A multi-block grid was constructed
around the body and the rotor pylon. The
grid density was in excess of 1 million
points for the half-model of the ROBIN
body and a complex multi-block topology
was devised so that the exact shape could be
represented. Several validation cases have
been considered with the flow at 0, +5 and +
10 degrees of incidence. Mild separation
was detected behind the pylon and as can be



seen from Figure 7. The CFD results for the
surface pressure are in fair agreement with
experiments for all stations where pressure
taps were available during the experiment.
Although this comparison is encouraging
little can be said about the integrated loads
predicted by the CFD due to lack of
adequate data for validation. The same is
true for the wake of the fuselage. Clearly
data of higher fidelity are needed like that
obtained during recent experimental
campaigns [30-31].

Rotor Body Interaction

As a final demonstration, simulation of the
flow around the ROBIN body [23] placed
below the HIMARCS rotor [15] has been
attempted. There are no experimental data
available for this case and it has therefore
only been used as a demonstration for the
complete CFD capability developed by the
authors. For this case the rotor blades were
at a fixed collective (2 degrees) and zero
cyclic, the objective being the assessment of
the performance of the sliding plane placed
between the rotor and the body. Figure 8a
presents the overall configuration while
Figures 8b and 8c present the complex
multi-block topologies employed for the
rotor blades and the fuselage, respectively.
The final grid was in excess of 6 million
points and it is considered to be coarse for
the rotor blades. In total 465 blocks were
used to mesh the whole geometry and a
snap-shot of the flow field can be seen in
Figure 8d. It is evident from the streamlines
drawn that the flow field around the fuselage
is distorted due to the presence of the rotor.
Unfortunately rotor/body interaction data
suitable for CFD are rare in the open
literature and efforts are now directed
towards a detailed validation of the solver
using cases reported in [30-31] as well as the
expected data of the GOAHEAD project.

Conclusions and Future Steps

The objective of this work was to describe
the steps taken towards the development of a
CFD solver capable of accurately and
efficiently simulating flows pertinent to
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helicopters
capability.
This difficult task required a step-by-step
approach with careful validation and
assessment of each key component against
the best available experimental data. The
key identified steps were: (a) development
of an efficient solver, (b) validation for key
aerodynamic phenomena pertinent to rotors
(dynamic stall, blade-vortex interaction,
flow separation, shock- boundary-layer
interaction, bluff body flow etc), (c)
development of grid motion and
deformation algorithms able to cope with all
rotor blade motions and aeromechanic
requirements and (d) development of a

including a full helicopter

sliding-grid  capability to allow for
rotor/body simulation.
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Figure 1: (a) multi-block topology for isolated rotor and (b) sliding plane between the rotor and
the fuselage for rotor-body problems.
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(b)
Figure 3: CFD analysis of 3D dynamic stall. (a) Velocity profiles during oscillation in pitch
(Case by Berton et al. [10]). (b) Comparison between experiments (right) and CFD (left) for the
surface pressure distribution over an oscillating wing. The conditions correspond to the
experiments by Coton and Galbraith [11].

91.11



2.5 M points 4.7 M points
(a)
0 1
sy i
[ n -
-0.05 r N\ [ Experiment
= : \ T 0.95 4M grid points ——
N |
N = L
e N = \‘\
k] 01 \\ g - .\
@ [ . @ -
o | | Exper_lmen'l n g_ 0.9
%- [ —— A4Mgrid points 5 I \!g
® -0.15 b
5 ol . B T
X x
S L £ 085 ;“ -
-0.2 L
[ i} .
0B s a0 18 180 225 210 08 =25 0 1 180 2» 200
wake azimuth [deg] wake azimuth [deg]
Axial position Radial position

(b)
Figure 5: (a) Hovering Caradonna-Tung rotor [17], effect of grid density on wake resolution. (b)

UH-60A rotor in hover: wake vortex position, 11.47 degrees collective pitch, My, =0.628,
inviscid computation, 240-block grid, 4.5x10° grid points.

91.12



Chordwise Cp distribution: UH60A hover Chordwise Cp distribution: UH60A hover

n Exp.:t/R = 0.965 1.5 = Exp.:r/R = 0.945

A
-1.5 3 1.
! ——— ©R=0.965:1M . /R =0.945: 1M
1) — - — ©R=0.965:2M ) — | — ©R=0.945:2M
-t--—- /R =0.965:3M —r t/R = 0.945: 3M
-1 \ -1 = ‘\
=

8 = - S I
L - .
o of B
: — N - f/.,a Q.\\
05 f 05
T TF
PP il IR I C MR R 15k I B B
0 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 0.8 1
x/c x/c
Chordwise Cp distribution: UH60A hover Chordwise Cp distribution: UH60A hover
2 -2
1.5 ] Exp.:|r/R = 0.920 15k - Exp.:t/R = 0.865
[ =g r/R =0.920: 1M [ =t r/R = 0.865: 1M
o — |- — ©PR=p0.920:2M r — - — PR=0.865:2M
- = f=-=- r/R =0.920:3M . = f=-=—- r/R=0.865:3M
Ry -
. [ -
0.5 L 05f S

/

e ﬁ |
0.5 0.5

sl SRS S S EE stk -
x/c x/c
Chordwise Cp distribution: UH60A hover UHG0A - Hover M, = 0.626, 10.5° collective, 2.31° coning
~2
A 1 Exp.:r/R =0.775

——— rR=0.775:1M
YR = 0.775: 2M
— = /R =0.775:3M

& ——

/

0.2 0.4 0.6 0.8 1

(e) (f)

o

Figure 6: Comparison between CFD and experiments for the hovering UH-60A rotor. (a-e)
chordwise Cp distribution at several radial stations, (f) vorticity contours near the blade tip.
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Figure 7: Comparison between experiments [23] and CFD results for the surface pressure
distribution on the ROBIN body. All CFD computations have been performed using the k-omega
turbulence model.
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Figure 8: Rotor body configuration used for assessment of sliding planes. (a) overview of the
HIMARC rotor on top of the ROBIN body (b) multi-block topology used for the rotor blades (c)
multi-block topology used for the fuselage and (d) streamlines and surface pressure contours on
the ROBIN body at forward flight (2 degrees of collective was used).
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