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Abstract

The simulation of blade-vortex interaction (BVI) for
helicopter rotors remains a challenge for Computa-
tional Fluid Dynamics (CFD). In the current paper
a high-order, block-structured, finite volume flow
solver is applied to the well-known HART-II base-
line case. A new grid generation algorithm is pre-
sented which allows the automatic generation of lo-
cally refined meshes in user-specified regions, based
on a regular block-structured mesh. The algorithm
is used to generate a mesh with a given uniform res-
olution in the rotor disk area. The convection of the
tip vortices is expected to improve on such a mesh.
Flow results on both the unrefined and refined mesh
confirm this expectation.

Symbols and abbreviations

BVI Blade-Vortex Interaction

CFD Computational Fluid Dynamics
NLR National Aerospace Laboratory
R rotor radius

CnM?

N normal force [N]

pso  atmospheric air density [ kg/m3]
(s atmospheric speed of sound [m/s]
A reference area [m?]

0o collective pitch [°]

01. longitudinal cyclic pitch [°]

01, lateral cyclic pitch [°]

) azimuth angle [°]

Q  Q-criterion: % — S2 [s72]

S magnitude of strain rate tensor [s ']
Us forward rotor speed [m/s]

Q magnitude of vorticity [s™*]

1 Introduction

In level helicopter flight there are two regimes with
high vibration levels, low speed transition flight
and high speed forward flight. The two high vi-
bration regimes translate directly into high oper-
ating and maintenance costs. There are three key
aerodynamic phenomena which contribute to the
vibratory loads: wake induced air loads, compress-
ibility effects, and dynamic stall. The current pa-
per focuses on the accurate resolution of wake-
induced air loads using Computational Fluid Dy-

normal force coefficient Cy M? = ;p% namics (CFD) techniques.
2 Foe Moo

As summarised in Datta et al. [1], first principles



CFD calculation of the wake is primarily a grid re-
finement problem. In order to capture the tip vor-
tices the computational mesh must be refined in the
vortex regions, which are not known beforehand.
The dynamic nature of the wake in forward flight
complicates the refinement problem since the vor-
tices change position over time.

With the increase in computing power, there is a
tendency in the CFD community to apply simple
high-order finite difference schemes on dense Carte-
sian background meshes and standard second-
order finite volume schemes in the neighbourhood
of the geometry (Jayaraman et al. [2] and Sankaran
et al. [4]). While this method shows impressive vor-
tex capturing capabilities on the background mesh,
it has two drawbacks: 1) the numerics are only sec-
ond order in the proximity of the rotor blades; 2)
the Chimera approach requires interpolation of the
flow solution between the two types of grid.

At NLR a high-order, block-structured, finite vol-
ume flow solver has been developed which main-
tains its high order of accuracy in the whole of the
computational domain (Kok [3]). The main chal-
lenge in applying this solver to rotor flow is to ob-
tain a grid resolution similar to the resolution of the
background grid used in [2, 4]. Geometrical and
topological restrictions normally prevent the gener-
ation of a block-structured grid which has a uniform
resolution in the rotor wake.

In the current paper a topology-based refinement
scheme is presented which allows the generation
of such meshes. In the approach, the block topol-
ogy is refined in such a way that a uniform mesh
can be obtained locally without outward radiation
of the grid density. This is achieved at a cost: at
block boundaries the grid may be irregular. Mesh
width ratio’s of 2:1 or higher may be present. How-
ever, since the block boundaries are still conforming
it is possible to devise high-order accurate schemes
across such boundaries.

The outline of the report is as follows. Section 2
describes the refinement algorithm for the genera-
tion of the appropriate meshes and the discretiza-
tion scheme on the irregular block interfaces. Sec-
tion 3 describes the refined mesh for the HART II
test case and the simulation results for the refined

and unrefined mesh. Finally, in Section 4 conclu-
sions are drawn.

2 Topology-based block-refine-
ment algorithm

2.1 Grid generation algorithm

The multi-block flow solver ENSOLV at NLR allows
block-wise refinement of the mesh, where the grid
in a block is refined in one or more direction(s). The
resulting irregularities at block interfaces, where the
ratio of mesh widths may be 2™:1, can be treated
by the finite-volume flow solver in an accurate way.
Block-wise refined meshes have the potential of at-
taining uniform grid spacing in the vortex regions.
However, the grids may not be that efficient, since
the grid resolution may be too small in some re-
gions. This may happen inside the vortex region for
a block with significant stretching: if the coarse cells
satisfy the resolution requirement, the fine cells will
be too small. It may also happen outside the vortex
region when the refined block is only partially con-
tained in the vortex region. These examples show
that an efficient grid with block-wise refinement can
only be obtained if the topology of the mesh is mod-
ified.

The algorithm consists of the following steps:

1. uniform refinement of the block topology to a
fixed block size (measured as the number of
cells within a block); typically the target block
size is 8% or 165;

2. further topology-refinement of those blocks
which are targeted for grid refinement; the sub-
block topology is such that each grid-refined
subblock is as close as possible to the fixed
block size used in step 1;

3. based on the user-defined maximum grid ir-
regularity (2:1, 4:1, etc.) blocks bounding the
refinement region are targeted for refinement,
and step 2 is repeated for those blocks;

4. generate the block grids within the refined
topology.



In step 2 a refinement sensor is used which indi-
cates how the grid within a block should be refined.
The sensor consists of two parts: 1) the target mesh
width; 2) the region where this mesh width should
be attained. The target mesh width should be at-
tained for all cells within a block. The refinement
region can be specified in different ways:

e distance to a geometric object;
e specification of specific blocks;

e aregion described by a simple geometric object
such as a sphere, cylinder, or cube.

The algorithm is demonstrated for the
NACAQ012, using a refinement region defined
by the distance to a line segment. This example
serves as a illustration of the algorithm only, in
Section 3.1 the algorithm will be applied to the
BO105 rotor.

The original mesh and topology is shown in Fig-
ure la. With a specified block size of 82, the refined
topology of step 1 of the algorithm is shown in Fig-
ure 1b. The line segment used to define the refine-
ment region is shown in Figure 1c. A region at a dis-
tance of 10% chord to this segment is defined as the
refinement region. Within this region a mesh width
of 0.001 chord should be attained. Figure 2a shows
the refined topology which is the result of step 2 of
the algorithm. Note that at this stage the grid has
not been refined yet and that some of the blocks in
the refined topology consist of a single cell of the
original mesh.

Subsequently, the user-defined irregularity is ap-
plied. Figure 2b shows the refined topology based
on a maximum irregularity of 2:1. In the last step of
the algorithm the refined grid is generated, which is
shown in Figure 2c.

It is worthy to note that the final topology consists
of 982 blocks. Clearly, it is unfeasible to expect from
a user to generate such topologies by hand.

2.2 Discretization scheme on irregular
block interfaces

At the irregular block interfaces the standard nu-
merical scheme cannot be applied since the cell-

centered flow data is not available at the other side
of the interface. The flow data is interpolated to
the required location in planes parallel to the inter-
face, as shown in Figure 3. The interpolation is per-
formed in computational space, that is, the actual
mesh widths are not used as weights in the interpo-
lation, but the weights shown in the figure are used.
This is in agreement with the underlying high-order
scheme. It should be noted that normal to the inter-
face no interpolation takes place: the planes are con-
sidered to be at the right location. This obviously
is a crude approximation, but in practice the algo-
rithm is robust, and vortices pass through the in-
terface relatively undisturbed, provided the coarse
grid resolution is sufficient.

3 Results

3.1 Grid

For rotor flows the convection of the tip vortices
in the wake of the blades is important for the cap-
ture of the blade-vortex interaction. As the vortices
move through the wake, the easiest way of obtain-
ing a mesh with sufficient resolution in the vortex
regions is to uniformly refine the mesh in a cylinder
around the rotor blades. So the definition of the re-
finement region in this case is a cylinder centred at
the rotor hub with radius equal to the rotor radius
and sufficient height to contain the vortices.

The target mesh width is 0.01R, where R is the
rotor radius. This corresponds to 16% chord, which
is on the coarse side.

The original mesh has 13 million cells, the refined
mesh has 26 million cells. Figure 4a shows a detail
of the original mesh in a horizontal plane through
the hub. The same detail of the refined mesh is
shown in Figure 4b. The uniform resolution in the
wake is clearly visible. The imposed grid regular-
ity of 2:1 is also visible in the resolution outside the
rotor disk. Figure 5 shows the refinement in a ver-
tical plane through the hub bisecting the rotor disk
between two blades.

Figure 6 demonstrates that the target mesh width
is actually obtained in the specified refinement re-



gion. The figure shows the ratio of the maximum
mesh width in a cell over the target mesh width. As
can be seen the ratio is less than one in the refine-
ment region, demonstrating the correct functioning
of the algorithm. The figure also shows that the al-
gorithm is relatively efficient: the region where the
target mesh width is attained is not that much big-
ger than the refinement region.

3.2 Rigid-blade trim

As a pre-cursor computation the rotor is trimmed
with rigid blades.! The rotor has been trimmed to
the experimental values of thrust (3300N), rolling
moment (20Nm), and pitching moment (-20Nm).
The trimmed pitch controls are 8y = 3.07°, 01, =
1.92°, and 6,;, = —1.61°. The obtained thrust is
3630N, 10% higher than the experimental thrust. As
the main objective of the current simulation is to in-
vestigate the effect of local grid refinement, and not
comparison with experiment, the trim is not pur-
sued to higher accuracy. At these trim conditions
there is evidence of BVI on the retreating side (see
next section), so the conditions are sufficient for the
current investigation.

3.3 Flow results

All simulations have been run using the fourth-
order accurate finite volume scheme. Simulations
have been performed on the original mesh of 13 mil-
lion elements, and the locally refined mesh of 26
million elements (see Section 3.1 for details). The
time step corresponds to 1.0° azimuth for the origi-
nal mesh, and to 0.5° azimuth for the refined mesh.

Figure 7 shows the instantaneous iso-contour of
the Q-criterion for the original mesh. The value
of @ is equal to 0.36U./R; the vorticity is scaled
with 2U / R. Figure 8 shows the instantaneous iso-
contour of the Q-criterion for the refined mesh at
the same values of ) and vorticity. The increase in
vortex resolution is evident.

The sectional vertical force coefficient at 87% for
the two simulations is shown in Figure 9. The ref-

IResults with elastic blades will be shown at the conference

erence area for the force coefficient is equal to the
blade chord times the width of the blade section
(which consists of the grid faces on the blade inter-
sected by the 87% span plane). The global increase
in sectional lift for azimuth angles between 120 and
250 degrees is most probably not caused by the in-
creased spatial resolution, but rather by the smaller
time step for the simulation on the refined mesh.

As the blades are assumed rigid, no comparison
is made with experiment, which has elastic blades.
Nonetheless, the sectional forces show evidence of
BVI on the retreating side, at more or less the same
location as in the experiment. The BVI resolution
improves on the locally refined mesh. This confirms
the expectation that uniform meshes in the rotor
wake are beneficial for vortex resolution, and hence
for the prediction of BVL

4 Conclusions

A new grid generation algorithm for block-refined
structured meshes has been presented. The algo-
rithm has been applied to generate a mesh around
the HART-II rotor which has uniform resolution in
the rotor wake. Assuming rigid blades, the rotor has
been trimmed to the experimental conditions. Sim-
ulation results are compared for simulation on the
unrefined and refined mesh.

The uniform resolution of the refined mesh in the
rotor wake improves the resolution of the tip vor-
tices. As a consequence, the prediction of the BVI
phenomenon on the retreating side has improved,
compared to the simulation on the unrefined mesh.
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(a) Original mesh and topology

(c) The sensor

Figure 1: Illustration of the grid generation algo-
rithm. Block boundaries are shown in red; grid
lines in black; the line segment used in the sensor
is shown in blue.
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Figure 3: Illustration of the interpolation algorithm
at an irregular block interface

(c) Refined grid, result of step 4

Figure 2: Illustration of the grid generation algo-
rithm. Block boundaries are shown in red; grid
lines in black; the line segment used in the sensor
is shown in blue.
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(a) Original mesh
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(a) Original mesh
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(b) Refined mesh

(b) Refined mesh

Figure 5: Original and refined mesh for the BO105
rotor at a vertical plane between two blades. The

refinement region is within the red rectangle.

Figure 4: Original and refined mesh for the BO105

rotor at a horizontal plane through the hub.
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(a) Horizontal plane
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(b) Vertical plane

Figure 6: Ratio of the maximum mesh width in a cell
over the target mesh width in the same two planes
as in the previous figures. The refinement region is
shown in blue.

Figure 7: Instantaneous iso-contour of the Q-
criterion (blade at 0° azimuth) coloured with vor-
ticity magnitude for the original mesh.
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Figure 8: Instantaneous iso-contour of the Q-
criterion (blade at 0° azimuth) coloured with vor-
ticity magnitude for the refined mesh.
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Figure 9: Vertical force coefficient at 87% span. Note
that the simulations have been performed for rigid
blades.



