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Abstract

The blade tip vortex system is a crucial feature in the wake of helicopter rotors, and its correct prediction represents a major
challenge in the numerical simulation of rotor flows. A common phenomenon in modern high-fidelity CFD simulations is
the breakdown of the primary vortex system in hover due to secondary vortex braids. Since they are strongly influenced
by the numerical settings, the degree to which these secondary vortex structures actually physically occur is still discussed
and needs experimental validation. In the current work, the development of secondary vortex structures in the wake of a
two-bladed rotor in hover conditions was investigated by combining stereoscopic particle image velocimetry measurements
in different measurement planes and high-fidelity simulations. Secondary vortex structures were detected and quantified at
different axial locations in the wake by applying an identical scheme to the measured and simulated velocity data. In agree-
ment, it was found that the number of secondary vortices is maximum at a distance of 0.8 R below the rotor. The more intense
secondary vortex structures were quantitatively well captured in the simulation, whereas in the experiment a larger number
of weaker vortices were detected. No distinct preferential direction of rotation was found for the secondary vortices, but
they tended to develop in vortex pairs with alternating sense of rotation. A clustered occurrence of secondary vortices was
observed close to the primary tip vortices, where the rolled-up blade shear layer breaks down into coherent vortex structures.
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Fig.1 Three-bladed TRAM OVERFLOW simulation by Chaderjian
and Buning (2011)

1 Introduction

The wake of a helicopter rotor is a three-dimensional
unsteady flow, which is challenging to understand even
with modern experimental and numerical methods. The
flow is characterized by a system of blade tip vortices and
blade shear layers which convect downstream in the rotor
downwash. To model the rotor flow in numerical simula-
tions and accurately predict the aerodynamic parameters
of the rotor, the structure and strength of the blade tip
vortex system must be correctly represented. Particularly,
the breakdown of the wake and its effect on the rotor per-
formance as well as on complex interactional aerodynam-
ics is still a subject that needs further investigation. An
issue raised by recent high-fidelity CFD simulations is the
role of secondary vortex structures in the collapse of the
blade tip vortex system. Such smaller secondary vortex
braids spanning between the blade tip vortices were first
observed by Chaderjian and Buning (2011). An example
OVERFLOW simulation of the 3-bladed TRAM rotor
exhibiting secondary worms is depicted in Fig. 1. These
structures became a frequently observed phenomenon in
simulations as high-order methods and finer grids became
the state of the art (Hariharan et al. 2014; Potsdam and
Jayaraman 2014; Jain 2018; Ohrle et al. 2018; Abras et al.
2019). The appearance of these structures triggered a dis-
cussion whether they are an actual physical phenomenon
or a purely numerical artifact connected to an insufficient

convergence in the simulations. (See, for example, Egolf
et al. (2017) and Hariharan et al. (2020).)

Chaderjian argues that the secondary vortices origi-
nate from the vorticity contained in the blade shear layer
perpendicular to the vortex core (Chaderjian 2012). The
axial stretching that results from a part of the shear layer
being entrained into the preceding blade tip vortex subse-
quently augments the worms’ rotation due to conservation of
momentum. The emergence of the secondary vortex braids/
worms bridging between the helical tip vortex strands results
in a transfer of energy from a large scale to small scale,
which resembles the instability mechanisms of mixing layers
(Bernal and Roshko 1986; Comte et al. 1998).

Despite the physical plausibility of secondary vortices as
a sign of instability braids spanning between closely con-
vecting blade tip vortex filaments, their strength and the
extent to which these vortices contribute to the breakdown
of the primary vortex system are still not clear (Hariharan
et al. 2020). A study by Abras et al. (2019) demonstrated
that the occurrence and structure of the secondary vortices
in CFD rotor studies are largely dependent on the simula-
tion time and on the numerical setup including mesh reso-
lution or turbulence model. In a grid study, both rotating
and stationary torus grids and Cartesian grids were used
with different grid densities to investigate how these grid
topologies influence the physical flow features and presence
of complete wake breakdown. The authors term this event
“vortex soup” and discuss countermeasures applicable to the
CFD setup. Recent numerical investigations also addressed
the effect of time marching on secondary vortex braids and
wake breakdown (Lee and Baeder 2021) and investigated
volume rendering techniques for a better understanding of
the phenomenon (Abras and Hariharan 2021). Additionally,
proper orthogonal decomposition was used to analyze the
wake breakdown (Mobley et al. 2021).

While the parameters and development of the primary
blade tip vortices were measured and characterized in a vari-
ety of previous studies (for example Heineck et al. 2000;
Ramasamy et al. 2009b; Mula et al. 2013), experimental
evidence for the existence of secondary vortices was very
sparse in the past. Although indications of secondary vor-
tices can be found in smoke visualizations by Gray (1992),
explicit experimental proof for their existence was only
provided in a recent volumetric flow measurement by Wolf
et al. (2019b) in the wake of a two-bladed and highly loaded
model helicopter in ground effect. The tests were conducted
using the “Shake-The-Box”-method (Schanz et al. 2016),
which is a time-resolved and volumetric variant of particle
image velocimetry (PIV, see Raffel et al. (2017)). A sample
result from these measurements is depicted in Fig. 2a. The
secondary worms that span between the gray blade tip vor-
tices are visualized using Q-isosurfaces that are colored red
or blue depending on the vortices sense of rotation. Vortices
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Fig.2 Secondary vortex structures as seen in experiments (a) and
CFD simulations (b) (Wolf et al. 2019b; Bodling and Potsdam 2020)

with different sense of rotation were observed that were cre-
ated shortly downstream of the rotor blades starting at wake
ages of approximately 75°.

Later, a detailed Helios CFD study of this test case was
conducted by Bodling and Potsdam (2020); see Fig. 2b.
They focused on how temporal convergence affects the
development of the secondary vortices, but the effect of
off-body grid structure, rotation, and resolution was also
studied. The main conclusion drawn from this study is that
when the sub-iteration convergence or grid resolution is not
high enough, the vortex sheet and primary vortex are bro-
ken down. Since the secondary vortices are developed by
the interaction of the vortex sheet with the primary vortex
structure, this results in fewer secondary vortices. Using a
case with a relatively high sub-iteration convergence and
grid resolution, the measurements and predictions showed
good qualitative agreement, which included several simi-
larities such as a mix of positive and negative secondary
vortices, the width of the vortices, and the evolution of the
vortices over time. However, despite the good qualitative
agreement between the experimental data and the simula-
tions, the degree to which the simulations were predicting
the correct number of secondary vortices was still in ques-
tion due to the lack of quantitative comparisons made. The
lack of quantitative data was mainly due to the experimental
restrictions imposed by the novel volumetric measurements.
The achievable tracer particle density using helium-filled
soap bubbles and thus the spatial resolution of the meas-
urements was limited, possibly hampering the detection of
small-scale vortex structures. Direct comparisons to the data
were also complicated by uncertainties related to the experi-
mental setup. For example, for a given rotor wake age, the
measured secondary vortices would greatly vary depending
on the rotor cycle. The pronounced cycle-to-cycle aperio-
dicity of the wake was triggered by the test enclosure, the
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Fig.3 Setup for PIV measurements with indicated horizontal fields
of view (FOV)

asymmetric helicopter fuselage and tail rotor, etc. There-
fore, a joint experimental-numerical effort with an improved
setup was launched. To reduce the cycle-to-cycle variations,
the same model rotor was incorporated into a new rotor test
bed enabling out-of-ground-effect operation with a symmet-
ric support structure. In order to expand the previous studies
and allow for a more quantitative investigation of the sec-
ondary vortices, a high-speed stereoscopic PIV system that
provides a higher spatial resolution compared to the previous
“Shake-The-Box” measurements is utilized.

2 Experimental setup

2.1 Testrotor

The two-bladed test rotor had a rotor radius of R = 0.775 m
and was operated in a laser laboratory at the German Aero-
space Center (DLR) in Gottingen, Germany. The test domain
is shown in Fig. 3, and the room had a dimension of about
10 m X 12 m X 7 m. The rotor was mounted on a rigid sup-
port structure with a height of 4 R above the ground to avoid
ground effect. It was equipped with two untwisted and unta-
pered “SpinBlades Black Belt 685 rotor blades with a chord
length of ¢ = 0.061 m. They have a parabolic tip and a sym-
metrical airfoil with a thickness-to-chord ratio of 14.8%. The
rotational frequency of the rotor was set to 2 = 131.3 rad/s
or 20.9 Hz. For the investigated test case, the rotor produced
a thrust of T = 112.8 N, which was measured with a piezo-
electric balance. This corresponds to approximately 80%
of the rotor’s maximum thrust and was chosen to achieve
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similar loading conditions as in the investigation by Wolf
et al. (2019b) (test case 1). This results in a thrust coef-
ficient of Cy = T/pnQ?R* = 0.0048 with the air density
p=1.20kg/m’, and in a blade loading of C;/c = 0.096.
The induced velocity in hover equates to V,, = 4.98m/s.
An encoder enabled a phase-locked triggering of the
measurements.

2.2 Particle image velocimetry

The flow field below the rotor was studied using time-
resolved stereoscopic particle image velocimetry (PIV)
with an acquisition frequency of 945 double images per
second or 45 images per rotor revolution. A high-speed
laser with an energy output of 26 mJ/pulse and a time
delay of Ar = 50 us between two pulses was used. The laser
beam was expanded into a light sheet which was verti-
cally traversed over the course of the experiment to illu-
minate the flow at different heights below the rotor plane.
A total of 7 horizontal measurement domains ranging
from z = —0.1 R to z = —1.2 R below the rotor plane were
investigated successively. The purpose of the setup was
to resolve secondary vortex structures in different stages
of their development. The setup with the indicated hori-
zontal fields of view (FOV) is depicted in Figs. 3 and 4.
The FOVs had a size of about 0.3 R X 0.3 R and covered
about 16° of the rotor azimuth. In addition, two vertically
oriented measurement planes which were stacked on top
of each other were used to capture a large portion of the
wake including the blade tip vortices. They both had a
size of about 0.43 R X 0.55 R each and are indicated as
orange areas in Fig. 4. The origin of the coordinate system

N

that is used throughout this study is located at the rotor
hub position in the rotor plane. It has to be noted that
the blade tip is located in the x, y-plane only in unloaded
conditions. For the rotating rotor with loaded blades, the
blade tip position is about 0.026 R higher due to a slight
coning angle.

The entire test facility was densely seeded with droplets
of di-ethyl-hexyl-sebacate (DEHS) of 1.2 to 2.3 um particle
size. Both PIV cameras (Phantom VEO640L, see Fig. 3)
were operated with a reduced resolution of 2176 X 1452 pix-
els and equipped with lenses with a focal length of 180 mm
for the horizontal FOVs and 85 mm for the vertically ori-
ented overview measurement planes. The resulting spatial
resolution was 8.7 pixels per mm for the horizontal FOVs
and 5.2 pixels per mm for the vertical FOVs.

The particle images were evaluated with Davis 8.4 (by
LaVision) using multi-grid cross-correlation with a final,
round interrogation window size of 16 pixels and an inter-
rogation window overlap of 75 %. This resulted in a vector
spacing of 0.46 mm (=~ 1.1%c,;,) for the horizontal FOVs
and 0.77 mm (~ 1.8%cﬁp) for the vertical FOVs. Due to the
stereoscopic camera system and a common calibration, the
three-component velocity vector could be reconstructed in
the measurement planes.

The PIV system was operated in two different modes for
each measurement plane. First, a time-resolved series of
1000 images was recorded with the PIV system recording
at a constant rate of 945 Hz, not synchronized to the rotor
frequency. In the second mode, 100 batches of 40 images
with a recording rate of equally 945 Hz were recorded with
the first image in each batch being triggered by a 1/rev signal
that was provided by the rotor encoder. This allows for an
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Fig.4 Sketch of rotor setup and PIV fields of view (FOV)
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assignment of the rotor azimuth to each PIV recording and
for the calculation of phase-averaged velocity data ranging
from an azimuthal position of 0° to 311°.

2.3 Hot-wire anemometry

Hot-wire measurements were taken complementary to the
PIV investigation to allow for the determination of turbu-
lence parameters. The hot-wire probe was a single sensor
probe by TSI, type “1210-T1.5,” and was operated with a
“DISA 55M” anemometer unit. The probe was operated
using the constant temperature anemometry (CTA) meas-
urement principle in which the probe was heated up to about
250°C higher temperature than the investigated fluid. With
the use of a fast controlling unit, the hot wire’s resistance
and thus the temperature is kept constant. The heat transfer
due to convection is in turn represented by the measured
voltage and is used to determine the air speed. With the low
inertia of this system, high frequencies can be measured.
The data were recorded at a sampling rate of 200 kHz. The
response time of the hot-wire probe was around 8 us, which
leads to a theoretical bandwidth of 100 kHz. The probe was
oriented parallel to the x-axis and thus measured the abso-
lute value of the instantaneous velocity component in the
¥, z-plane. Measurements were taken at 7 radial positions
in the wake ranging from y/R = 0.7 to y/R = 1.0 and at 34
axial locations. In the axial direction, the wake was spatially
sampled in steps of 25 mm, resulting in a normalized range
of z/R = —0.0645 to z/R = —1.129.

3 Numerical setup
3.1 Numerical methodology

For the simulations, Helios version 11.0 (Wissink et al.
2021) was used. Helios is the rotary wing product of the
US Army and HPCMP CREATE™-AV (Air Vehicles) pro-
gram sponsored by the DoD High Performance Comput-
ing Modernization Office. Helios employs an innovative
multi-mesh, multi-solver paradigm for computational fluid
dynamics (CFD) that uses unstructured and/or structured
meshes in the “near-body” surrounding the solid surfaces to
capture the wall-bounded viscous effects. Several near-body
solvers are available in the latest Helios release, including
unstructured mesh NSU3D, FUN3D, and kCFD; curvilinear
structured mesh OVERFLOW; and strand mesh mStrand.
Cartesian grids are used in the “off-body” to resolve the
wake through a combination of higher-order algorithms and
adaptive mesh refinement (AMR). The Cartesian meshes are
managed by a block-structured mesh system which has the
ability to accommodate the geometry and solution features.
An overset procedure (PUNDIT) (Sitaraman et al. 2010)
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facilitates the data exchange and also enables the relative
motion between moving meshes. A lightweight Python-
based software integration framework orchestrates the simu-
lation and data exchange between modules. The main Helios
flow solver modules used in this study are described in the
following sections.

3.2 Flow solvers
3.2.1 FUN3D

The near-body solver FUN3D 13.6 (Biedron et al. 2019),
an unstructured grid flow solver that has been continu-
ously developed and supported by NASA Langley, is a
node-centered, finite-volume unsteady Reynolds-averaged
Navier—Stokes (URANS) solver. It is spatially second-order
accurate using a Roe upwind scheme. Time-accurate compu-
tations utilize a second-order optimized backward Euler time
stepping scheme along with dual-time stepping sub-itera-
tions. The Spalart—Allmaras (SA) one-equation model with
detached eddy simulation (DES) is used. FUN3D models
the cylinder hub. The mixed element unstructured fuselage
mesh has 1.9 M nodes. Ten sub-iterations are used, which
gives a sub-iteration residual drop of at least two orders of
magnitude.

3.2.2 Overflow

The near-body solver OVERFLOW 2.3b (Buning and Nich-
ols 2021), a structured, curvilinear grid flow solver that has
been continuously developed and supported by NASA Lang-
ley, is a node-centered, finite-difference URANS solver. It is
a nominally spatially fifth-order accurate central difference
scheme with scalar dissipation. Time-accurate computations
utilize a second-order optimized backward Euler time step-
ping scheme along with dual-time stepping sub-iterations.
The SA-DDES turbulence model with Dacles—Mariani
rotation correction is used (Shur et al. 2000). OVERFLOW
is used to model the rotor blades with overlapping main
blade, root cap, and tip cap meshes. Each rotor blade has
10.2 M points, with 7.6 M in the main blade (311 x 241
X 101 - chordwise X spanwise X normal). The spacing at
the outer boundary is 0.0018 m (~ 4.3%c,;,) and extends
out 1.1 chords. Fifty sub-iterations are used, which gives an
average global sub-iteration residual drop of 1.65 orders of
magnitude.

3.2.3 SAMCart

The Cartesian solver SAMCart is used for the off-body mesh
system (Wissink et al. 2010; Pulliam 1984). SAMCart solves
the Euler or Navier—Stokes equations using a fifth-order
accurate central difference spatial discretization scheme for
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the inviscid terms and fourth-order for the viscous terms. The
solver uses an implicit second-order BDF2 LU-SGS time inte-
gration scheme. AMR can be used to accurately, efficiently,
and automatically capture the features in unsteady flow based
on suitable adaption criteria. User-defined rectangular regions
of a particular grid resolution can also serve as input. This
fixed refinement capability is used in the current effort in order
to fully and uniformly capture the blade wake sheets and tip
vortices. The SA-DES turbulence model with Dacles—Mari-
ani rotation correction is used. Based off of the studies from
Bodling and Potsdam (2020), having a sub-iteration residual
drop of more than 1.2 orders of magnitude in the off-body
solver does not seem to significantly effect the wake structure.
Therefore, 10 sub-iterations are used, which gives an average
sub-iteration residual drop of 1.2 orders of magnitude.

3.3 Geometry modeling, meshing, and boundary
conditions

The boundary conditions at the cylinder hub and rotor blades
are viscous adiabatic solid walls (i.e., no slip wall with den-
sity/pressure extrapolation). Free stream conditions are used
at the farfield boundaries with an inviscid ground plane 4 R
below the rotor. The farfield boundaries are 15 R away from
the blades in each direction to avoid any boundary effects
on the nearfield solution. The experiment includes a small
amount of blade bending and coning, which the calculations
do not account for. Since the cylinder hub should be suf-
ficient to capture hub blockage effects, the rotor geometry
was cut off at 0.20 R and the remaining components such as
the blade attachments and pitch links have been ignored.

Figure 5 shows a top and side view of the computa-
tional meshes. The red boundaries denote the no-slip walls
of the rotor blades. The green mesh indicates the trimmed
unstructured near-body mesh used to model the cylinder
hub. This mesh is solved with FUN3D. The cyan mesh is
the structured mesh solved by OVERFLOW for the two
rotor blades. The black mesh denotes the off-body Cartesian
mesh that is solved by SAMCART. The wake is resolved
with a single fixed refinement box with a resolution of
dx = dy = dz = 5%cy;, = 0.0021 m, where c;, is the airfoil
chord at the blade tip. This fixed refinement box extends to
z/R = —1.25. Outside the fixed refinement box, the mesh is
progressively coarsened by a factor of 2 in all directions. A
0.25° time step was used for the CFD simulation.

4 Results: overall wake structure and blade
tip vortices

In the first part of the discussion, the velocity data from the
two vertical PIV measurement planes and the simulation are
used to characterize the general wake structure by means of

(a) Top View

|
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(b) Side View

Fig.5 Top and side views of the computational meshes

averaged and instantaneous data and to assess the agreement
of simulation and experiment on key wake parameters.
Averaged velocity fields from 2000 individual PIV
recordings for both vertical FOVs are depicted in Fig. 6a.
The streamlines represent the in-plane velocity components
(v, w), and the contour plot the absolute magnitude of the
velocity V,,. = Vu? +v2 + w? (derived from the individually
averaged components). The origin of the coordinate system
is located in the rotor disk plane (z/R = 0) at the position of
the rotor hub (y/R = 0), as shown in Fig. 4. The velocities are
normalized with the hover-induced velocity V, = 4.98 m/s.
Figure 6b shows sample phase-averaged velocity fields from
a total of 50 individual recordings that were triggered at a
wake age of y = 8°. The blade tip vortices can be detected
both by circular streamline patterns and by local veloc-
ity peaks. The exact positions of the vortex centers can be
identified based on flow field operators that take on extreme
values in the vortex core (Bauknecht et al. 2015). Common
operators include the vorticity w,, the eigenvalues of the
velocity gradient tensor 4,, the signed swirling strength A
(discriminant of the characteristic equation Q (Zhou et al.
1999) assigned with sense of vortex rotation), and varia-
tions thereof (Jeong and Hussain 1995; Adrian et al. 2000;
van der Wall and Richard 2006). For the present study, the
vortex centers for each individual vortex were detected using
the Q-criterion, where Q represents the second invariant of
the velocity gradient tensor (Chen et al. (2015), see also
next section and Eq. 3). In the phase-averaged velocity fields
(Fig. 6b), the mean vortex centers derived from all individu-
ally detected center positions for each vortex are marked
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Fig.6 Measured velocity fields for vertical PIV planes depicting
time-averaged velocity fields (a), sample phase-averaged velocity
fields from 40 recording cycles (b), and sample instantaneous veloc-

with white circles. A fitted mean vortex trajectory that is
based on all phase-averaged vortex positions is included as
a black dashed line. In both fields of view, a total of 5 blade
tip vortices with a maximum vortex age of y = 728° can be
detected. When examining the corresponding velocities, it
can be noted that especially for the oldest vortex in Fig. 6b
the velocity peak is less distinct. This can be attributed both
to the vortex aging process and to an increased variation
in the individual vortex positions causing smearing in the
phase average. This increased variation is partly a result of
a vortex pairing process that becomes more noticeable with
increasing wake age. Vortex pairing refers to a pair-wise
interaction of consecutive blade tip vortices and has been
observed in a number of rotor wake studies (Tangler et al.
1973; Lee et al. 2010; Milluzzo et al. 2010; Schwarz et al.
2019). It results in an altered vortex trajectory and ultimately
in a leapfrogging, merging, or breakdown process of a vortex
pair. Figure 6¢ depicts the samples of instantaneous velocity
fields at the same wake age of y = 8°. While the streamlines
again represent the components of the in-plane velocity, the
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ity fields (c). The horizontal PIV measurement planes are indicated
by dashed white lines and the CTA sensor positions corresponding to
Fig. 8 by red markers (@)

contour plot depicts the out-of-plane velocity u. The blade
shear layer is visible as a band of positive velocity which
convects downstream. For the youngest blade tip vortex, the
shear layer is still connected to the vortex. (See vortex with
yw = 8°1in Fig. 6¢.) Since the downward convection motion
inboard of the slipstream boundary is about twice as fast as
for the tip vortices, the blade shear layer at one point catches
up to the preceding blade tip vortex.

During this process, the outboard part of the shear layer
is stretched between the two tip vortices in an “S”’-shaped
layout. Indications for this can be observed in the positive
out-of-plane velocity band spanning between the second and
third tip vortex in Fig. 6¢. The blade tip vortex center posi-
tions that were detected in the instantaneous velocity fields
are again marked with white circles. From the stretched part
of the shear layer, the secondary vortex braids are supposed
to emerge according to Chaderjian (2012). By tracking the
shear layer parts spanning between the blade tip vortices
up to higher wake ages, it can be observed that in contrast
to the unidirectional and positive out-of-plane velocity of
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the blade shear layer, parallel bands of out-of-plane velocity
with different sign emerge. These bands indicate the occur-
rence of vortices with their axis orientation parallel to the
measurement plane. The inferred centerlines of the vortices
are marked with dashed red lines.

The structure of these wormlike secondary vortices can
be better observed in the visualization from the simulation
results that were derived in the current study. Figure 7 shows
the predicted vorticity magnitude isosurfaces (Jw| = 170 %)
colored by vertical velocity w. A quarter of the flowfield
has been removed to help show the interaction of the vor-
tex sheet with the primary tip vortices. The horizontal PIV
measurement planes are shown by green slices. Their loca-
tion is also included as dashed white lines in Fig. 6. In gen-
eral, the occurring secondary vortex development in Fig. 7
resembles the vortex structure that was observed, for exam-
ple, by Wolf et al. (2019b) and Bodling and Potsdam (2020).

To characterize the wake and compare the results from
the experiment and the simulation, velocity profiles were
extracted. The solid lines in Fig. 8a and ¢ depict the time-
averaged velocity profiles at z/R = —0.194. The axial posi-
tion was chosen in order to allow for a direct comparison
with velocity data measured for the same rotor settings with
constant temperature anemometry (CTA) at radial locations
ranging from y/R = 0.75 to y/R = 1.0. (See marked posi-
tions (@) in Fig. 6.) The CTA data provide a significantly
higher temporal sampling rate in comparison with the PIV
data and thus include the majority of the energy cascade
of the turbulent flow. To enable a direct comparison with
the recorded CTA data, Fig. 8a depicts the time-averaged
profiles of the instantaneous velocity component in the
y, z-plane V;, = /v2 + w2. The general structure and the
position of the slipstream boundary show good agreement
between the PIV and CTA measurements. The maximum
velocity is slightly smaller in the CTA data. The compari-
son between the PIV results and the simulation, which is

Fig. 7 Vorticity magnitude iso-

surfaces (jw| = 170 %) from the w/V,

simulation, colored by vertical 208
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Fig.8 Comparison of velocity (a+c) and turbulent kinetic energy
(TKE) (b+d) profiles along the radial direction at an axial position of
z/R=-0.194

included as dashed line, shows a good agreement regarding
its shape and absolute values. A slight spatial offset can be
observed, which can be the result of low-frequency fluc-
tuations in the wake position. The wake boundary seems
to be less smeared out compared to the data from a previ-
ous experiment with the same rotor system operated in an
enclosure in ground effect reported by Wolf et al. (2019b),
which indicates that fewer aperiodic fluctuations are present
in the current experiment. This also results in an improved
agreement between the experimental and the numerical

Extracted horizontal slices
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data in comparison with the results reported by Bodling
and Potsdam (2020). The component-wise decomposition
of the velocity profiles in Fig. 8c also is consistent between
the simulation and the PIV data, especially regarding the v-
and w-components. For the u-component, a deviation at the
slipstream boundary location can be observed, which could
be the result of particle voids in the vortex cores, where no
reliable velocity information could be captured.

The fluctuation level of the velocity can be expressed by
the non-dimensionalized turbulent kinetic energy k. For a
comparison with CTA data, the turbulent kinetic energy
(TKE) in the y, z-plane was derived from the velocity data
measured with CTA and PIV as well as from the simulations:

- Lyn

b = g2 Ve M

The turbulent kinetic energy for the individual velocity com-
ponents is derived analogously by

R S, I A S
ky—z—VZV',kz—z—V}%W’. (2)

Despite the lower acquisition rate of PIV compared to CTA,
the turbulent kinetic energy ,, depicted in Fig. 8b compares
relatively well between the two measurement techniques,
suggesting that despite the lack of data within the blade tip
vortex core the PIV measurements provide reliable data on
the turbulent characteristics of the wake. The PIV data can
be used to additionally analyze the individual components
k., k, and k,, which are shown in Fig. 8d. When comparing
the TKE from the PIV data with the simulation, it can be
found that the simulation exhibits lower peak values (39%
for kyz, 37% for ky). A reason for this deficit in TKE could be
the smaller maximum swirl velocity of the blade tip vortices
that is discussed in the next paragraph (Fig. 9b). As opposed
to the preceding study in ground effect (Wolf et al. 2019b),
the radial component k, is significantly higher than the axial
component k, both in the experiment and in the simulation.
The most distinct difference between the experimental and
the numerical data is the lower k, value in the PIV results.
Analogous to the discrepancy in the absolute u-velocity, this
could be the result of particle voids in the vortex cores.

A key wake feature that has to be characterized when ana-
lyzing secondary vortex structures and comparing numerical
simulations and experiments are the main blade tip vorti-
ces. Several researchers have investigated the properties of
these vortices, especially since PIV has become the state-
of-the-art measurement technique for many aerodynamic
applications including helicopter aerodynamics (Raffel et al.
2017). Blade tip vortex parameters were experimentally ana-
lyzed, for example, by Ramasamy and Leishman (2006),
Ramasamy et al. (2009a), Richard et al. (2006), Mula et al.
(2013), Wolf et al. (2019a), and Braukmann et al. (2020).
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One characteristic vortex parameter that is typically iden-
tified is the swirl velocity Vg around the vortex core. To
extract the swirl velocity, the Cartesian velocity data were
transformed in polar coordinates and decomposed into
radial and azimuthal components according to Bauknecht
et al. (2017). The azimuthal velocities assigned to a vortex
radius r were subsequently averaged, and, therefore, a single
averaged radial V-profile was calculated for each vortex
in the instantaneous flow fields. From these swirl velocity
profiles, two main parameters were derived. The first is the
circulation I, at large distances from the vortex. In order to
avoid the extracted circulation being compromised by neigh-
boring vortices, a radial distance of 0.5 r/c from the vortex
center was chosen to extract the circulation values. Similar
to the methodology applied by Wolf et al. (2019a), Brauk-
mann et al. (2020), and Goerttler et al. (2020), this value
is taken as an estimate for the total vortex circulation I', at
large radii. The circulation values for all individual blade
tip vortex segments that were captured at all analyzed time
steps for both the experiment (1) and the simulation () are
depicted in Fig. 9a over their axial location. For the experi-
mental data, 50 rotor revolutions were analyzed and 10163
individual vortices were extracted with a maximum wake
age of 1030°. For the simulation, a total of 6890 individual
vortices were extracted stemming from five rotor revolu-
tions that were sampled at a rate of 1° azimuth. Additionally,



Experiments in Fluids (2022) 63:4

Page110f21 4

phase-averaged values for each wake age were derived and
are plotted as blue and red markers (® ®). Smoothing spline
fits were applied to the phase-averaged data and are depicted
as solid and dashed black lines. Overall, there is good agree-
ment between the data from the PIV measurements and
the simulation. The numerically simulated vortices show
slightly lower circulation values compared to the experiment
(~6% lower at the initial stages), which is likely due to the
underpredicted thrust coefficient C; in the simulation (x~10%
lower). However, the overall trend is captured well in the
simulation. For the experimental data, two sets of data with
an offset of 5% can be distinguished in the phase average
values. They correspond to the two rotor blades and indicate
a slightly different blade loading during rotation. In both
the experiment and simulation, the circulation remains rela-
tively constant up to a downstream distance of z/R = —0.4
(v = 460°). For the second FOV, covering downstream dis-
tances below z/R = —0.5, the circulation values decrease
and reach a minimum average value of about 45% of the
maximum initial values.

The second blade tip vortex parameter that was extracted
is the maximum swirl velocity Vg ... The corresponding
values for each vortex are depicted in Fig. 9b. Again, the
phase-averaged values are included as blue and red markers.
Here, a larger discrepancy between experiment and simula-
tion can be observed. Directly after the vortex formation,
the maximum swirl velocity in the simulation is higher in
comparison with the experiment, with individual vortices
exhibiting values up to 12 V), (not visible in Fig. 9b). How-
ever, the numerically derived values for Vg ... decrease rap-
idly with increasing vortex age and coincide with the high-
est experimentally measured values at an axial distance of
0.02 R above the rotor plane. Farther downstream, the maxi-
mum swirl velocity of the simulated vortices drops below
the measured values and is about 33% lower at a distance of
0.1 R below the rotor plane. Lim et al. (2012) showed that
the grid resolution is an important factor for preserving the
strength of the vorticity. In particular, Lim et al. observed
that a finer near-body mesh resulted in a less steep drop in
maximum vorticity. Considering that at a wake age of 20°,
there are roughly seven grid points across the core diameter,
the initial divergence in the maximum swirl velocity could
be due to not sufficiently resolving the tip vortex in the simu-
lations as it convects through the near-body and off-body
mesh. This also affects the size of the vortex core. In the
simulation, the core radius grows rapidly within the first 35°
wake age to 9.4 mm, which is 80% larger than the measured
value for the same wake age. However, despite the differ-
ences in the absolute values of Vg ..., both datasets show a
similar trend with a sharp decrease up to an axial distance
of —z/R = 0.07 corresponding to a wake age of 180°. After
this sharp decrease, in the experiment, the swirl velocity set-
tles at a relatively constant value of Vg = 4.5V, while in

the simulation there is a more steady decline. In the experi-
ment, only at a height below z/R = —0.6 (y > 600°), the
maximum swirl velocity exhibits a significant drop. A simi-
lar observation of the maximum swirl velocity remaining
almost constant over a large vortex age range was also made
by Schwarz et al. (2019) for an investigation in ground effect
and was attributed to vortex stretching due to the nearby
ground. Although there is a divergence in the development
of the maximum swirl velocity, the good agreement in the
vortex circulation up to high vortex ages of y =~ 900° at
z/R = —0.93 suggests that the decay process of the tip vor-
tex system is well captured in the simulations. Based on the
good representation of the blade tip vortex system and wake
structure in the simulation, the next section will deal with
the secondary vortex analysis.

5 Results: secondary vortices

To investigate the development of secondary vortex structures
spanning between the blade tip vortices, data from seven hor-
izontally oriented measurement planes were recorded using
PIV. The planes were located at axial distances ranging from
z/R = —-0.1to z/R = —1.2 below the rotor, as indicated in
Figs. 3, 4, and 6. Instantaneous sample velocity fields are
depicted in Fig. 10 at six different axial positions. The vec-
tors represent the components of the in-plane velocity (u, v)
showing every sixteenth velocity vector in both x/y-directions,
while the contour plot reflects the corresponding vorticity ..
The projected track of the blade tip is indicated in Fig 10a
as well as the centerline of the blade tip vortex when pass-
ing through the measurement plane. As indicated in the pic-
togram in Fig. 10a, the velocity fields were recorded roughly
3 ms (24°) before the passage of the center of a blade tip
vortex through the measurement plane. The footprints of the
blade tip vortices are visible as bands of high velocity in the
y-direction. For the lower axial positions at z/R = —0.8 and
z/R = —1.0 (Fig. 10e and f), the blade tip vortex positions
are increasingly aperiodic and less coherent, making an exact
determination of the blade tip vortex position more difficult.
With increasing distance from the rotor plane, the out-of-plane
vorticity increases. Areas of increased vorticity can be found
starting from a downstream distance of z/R = —0.2 mostly
on the outboard side of the blade tip vortex. Secondary vor-
tex structures with both signs of rotation emerge and are vis-
ible both as vorticity peaks and through the curvature of the
in-plane velocity vectors. The number of vortices as well as
the vorticity magnitude increases at distances of z/R = —0.4
and below. Individual vortices were detected (see next sec-
tion for the scheme) and are highlighted with green circles
for all sample velocity fields in Fig. 10. Their total number
is given in the upper right corner of each figure. Similar to
the findings of Wolf et al. (2019b) and Bodling and Potsdam
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Fig. 10 Instantaneous velocity fields measured with PIV at different
axial positions. The vectors represent the in-plane velocities (u, v),
and the contour plot the out-of-plane vorticity w,. The velocity fields

(2020), pairs of counterrotating vortices are visible, especially
in Fig. 10c, d, and f, which result in radially outward directed
jets in the in-plane velocity. This is especially evident for the
lowest depicted axial location at z/R = —1.0 (Fig. 10f). The
corresponding flow pattern can be connected to the formation
of three-dimensional hairpin braids which evoke the break-
down of the helical blade tip vortex system. The disintegration
of the tip vortices into smaller braids or hairpin vortices was,
for example, observed by Jain in high-fidelity simulations of
the Sikorsky S-76 rotor (Jain 2018). As he points out, a similar
phenomenon was also observed in direct numerical simula-
tions of vortex rings (Archer et al. 2008).

5.1 Secondary vortex detection

The current study aims to provide a quantitative analysis of
the development and the characteristics of the secondary vor-
tex structures in the rotor wake. Therefore, analogous to the
discussion of the blade tip vortex parameters, a vortex identi-
fication scheme was applied that identifies the centers of the
individual vortices. Similar to the secondary vortex detection
scheme used by Wolf et al. (2019b) and Bodling and Potsdam
(2020), the Q-criterion was applied to the velocity fields. It
was derived based on the assumption of a 2D velocity gradient
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were recorded about 24° before the passage of a blade tip vortex
through the respective measurement plane. For the labeled secondary
vortices, see Fig. 13

tensor from the in-plane velocity components (u, v) according
to Chen et al. (2015) by

2
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The Q values were calculated based on velocity fields that
were postprocessed using a 2D median filter with a size of
4.14 mm in both spatial directions to suppress measurement
noise. Only areas exceeding a threshold of Q = 10° - iz were
accepted, while all lower values were set to zero. Adbdition-
ally, the “bwpropfilt” function in MATLAB was used to only
accept connected areas exceeding the Q-threshold that fea-
ture a minimum minor axis length of 4.14 mm. The identical
evaluation scheme was used for both the experimental and
the numerical data. As shown in Fig. 12, the vortex detec-
tion scheme was compared to the 3D Q-criterion isosurfaces
from the numerical data to ensure that the detected vortices
were physical. The detected vortices in the sample extraction
plane (Fig. 12¢) indeed correspond to elongated wormlike
vortex structures, as can be observed in Fig. 12b, where the
cut plane is superimposed with the corresponding zoomed-in
region from a Q-isosurface visualization.
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Figure 11 depicts the post-processed result for a series of
three velocity fields both from the experiment (left column)
and the simulation (right column). The flow fields were cap-
tured with a time separation of 4.23 ms (= 32°) for an axial
position of z/R = —0.4. The physical size of the shown flow
field excerpts is the same for both sets of data.

The contour plots represents the signed Q values
0, =0-— Wthh includes the sense of rotation of the vor-

tices. The result from Fig.11e corresponds to the same sam-
ple that is depicted in Fig. 10c and illustrates the effect of
the filtering and vortex detection scheme. The velocity fields
at time step t; (Fig.11a+b) were recorded 56° after the pas-
sage of a blade tip vortex center through the measurement
plane. The footprint of the blade tip vortex is still visible in
the negative v-velocity component that dominates the flow
field. The detected secondary vortex centers are marked by
white markers. Their radial position groups around the

position of the blade tip vortex passage. The centerlines of
the two primary vortices that pass the analyzed plane before
(“vortex 1) and after (“vortex 2”) the depicted measure-
ments were taken are indicated by dashed lines. As the wake
convects downward (Fig.11c+e), the secondary vortex struc-
tures are detected farther outboard, which indicates their
S-shaped structure shown in Fig. 12.

The depicted numerical data were extracted at the same
instants in time as the experimental data with respect to the
passage of the first blade tip vortex through the depicted
plane. The positions of the detected secondary vortices are
similar to the experiment and feature the same outboard shift
as the wake convects downward. The areas containing QO
values are larger, while the peak values are smaller in com-
parison with the experiment.
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Fig. 11 Sample velocity fields at three consecutive instances in time
separated by 32° wake age from experiment (left) and simulation
(right) at z/R = —0.4. The contours represent the signed Q values

after applying the filtering scheme for secondary vortex detection.
Time step t; in the experiment (e) corresponds to Fig. 10c; for the
labeled vortices, see Fig. 13a—d
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Fig. 12 Visualization of secondary vortex structures and their detec-
tion in the extracted slice for the simulation data

5.2 Secondary vortex parameters

Analogous to the blade tip vortex evaluation, vortex param-
eters were extracted for the secondary worms based on the
detected vortex centers and the swirl velocity profiles around
these centers. In the same way as for the blade tip vortices,
the Cartesian velocity data were decomposed into radial
and azimuthal components and subsequently averaged over
the azimuthal position. Sample swirl velocity profiles V, of
secondary vortices that were detected in both the experi-
ment and the simulation are depicted in the left column of
Fig. 13; the corresponding circulation values over the radial
coordinate are plotted in the right column. For the experi-
mental data, profiles corresponding to the marked vortices in
Fig. 10c (z/R = —0.4) and Fig. 10e (z/R = —0.8) are shown.
The depicted profiles from the simulation (Fig. 13c+d)
belong to the marked vortices in Fig.11f at z/R = —0.4.
While the swirl velocity profiles in the z/R = —0.4
case show peak values in the range of Vg, =0.63V, to
Vo =0.94V,, the z/R = —0.8 case exhibits in part signifi-
cantly higher maximum swirl velocities up to Vg = 1.24 V..
The differences in the experimentally detected swirl velocity
profiles in Fig. 13 illustrate the variety of secondary vortices
that occur simultaneously at the same wake age. This is also
reflected in the vortex core radius (radial position of the
maximum swirl velocity), which ranges from r, = 0.04 ¢ to
r. = 0.14 ¢ for the depicted experimentally measured pro-
files. The depicted velocity profiles from the simulation in
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Fig. 13 Sample swirl velocity and circulation profiles of second-
ary vortex structures from the experiment (a, b, e, f) and the simu-
lation (¢, d) corresponding to the z/R = —0.4 (a—d) and z/R = —0.8
plane (e, f). The corresponding vortices are marked in Fig. 10c,e and
Fig. 11lef

Fig. 13c show in tendency similar maximum swirl velocities
as in the experiment at z/R = —0.4, but feature larger core
radii and thus smaller swirl velocity gradients. This corre-
sponds to the larger “blobs” in the Q-distribution with lower
peak values that were found for the simulation (Fig. 11). Due
to the lower spatial resolution (i.e., larger grid size) of the
numerical data, the velocity profiles also consist of less data
points (1/4 as many points).

Analogous to the swirl velocity, the circulation profiles
vary depending on the individual vortices. After a steep
increase for small radial distances from the vortex center,
the circulation I" reaches a plateau for larger radii. The cir-
culation values that are reached at this plateau correspond to
roughly I' = 0.2 m%/s for sample vortices at z/R = —0.4 in
the experiment (Fig. 13b), while a significantly larger maxi-
mum value of I" ~ 0.45 m%/s is reached for the simulation
at the same downstream distance (Fig. 13d) and for vortex
3 in the z/R = —0.8 measurement plane. The radial coor-
dinate above which the circulation remains nearly constant
again varies for the individual vortices. For the downstream
distance of z/R = —0.4, the vortex circulation is nearly
constant in the experiment above radial distances above
r/c < 0.1, whereas in the simulation and at z/R = —0.8 in
the experiment the plateau is in part only reached higher
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radial distances. For a consistent extraction of the vortex
circulation for the entirety of the detected secondary struc-
tures, a radial coordinate of r/c = 0.15 was chosen in order
to capture the most part of the total circulation, but at the
same time avoid it being compromised by neighboring sec-
ondary structures when choosing larger radial coordinates.
(See, for example, vortex 4 in Fig. 13b.) The coordinate is
indicated by the dashed lines in Fig. 13.

5.3 Quantitative analysis of secondary vortex
structures

To quantitatively investigate the development of the
secondary vortex structures, a statistical evaluation was
performed for the detected vortex number and the vor-
tex parameters at the measured axial positions from
z/R = —0.1to z/R = —1.2. For the experimental data, two
different sets of measurements were analyzed, which were
recorded both in the phase-locked (“series 1”’) and in the
time-resolved mode (“series 2”). The phase-locked series
consists of 4000 samples from 100 recording cycles per
axial location, and the time-resolved series comprises
1000 samples for each position. While for the experi-
mental data only segments of the rotor wake covering 16°
of the rotor azimuth were measured, the numerical data
were evaluated for 360° azimuth. In total, five revolutions
were evaluated that were resolved with time steps of 1°
resulting in 1800 velocity fields at each axial station. Both
the experimental and numerical data were analyzed in a
radial band extending from y/R = 0.68 to y/R = 1.01. The
detected vortex number was averaged over all available
samples in both experiment and simulation and normalized
with the covered azimuth. The average vortex numbers
N, mean COTTESPONding to an azimuthal range of 360° are
shown in Fig. 14 over the axial position in the wake for
both the experiment and the simulation. For both datasets,
the number of detected vortices increases with increasing
downstream distance and reaches its maximum at a dis-
tance of 0.8 R below the rotor. More distant from the rotor,
the number of detected vortices decreases. A possible rea-
son for this can be found in the increasingly less coherent
blade tip vortex system and the progressive dissipation
of kinetic energy into smaller and smaller-scaled struc-
tures. A more detailed discussion on these mechanisms
can be found in the next section. (See also Fig. 19.) The
total number of detected secondary vortices shows a very
good agreement between experiment and simulation up to
a downstream position of z/R = —0.6. Farther away from
the rotor plane, the experimentally detected vortex num-
ber exceeds the one from the simulation by 65%—-135%. A
reason for the higher discrepancy for z/R < —0.8 could be
an increasing effect of vortex pairing that was detected in

500 " " : . .
——-PIV - series 1
400 | —A—PIV - series 2 i
. .
§ 300 - —&— Simulation
<7200
100
0 ! 1 1 ! 1
0 0.2 0.4 0.6 0.8 1 1.2

-z/R

Fig. 14 Average detected vortex number per time step extrapolated to
360° azimuth from experiment and simulation

the experiment and did not occur in the same manner in
the simulation.

To gain better insight into the quantitative character-
istics and to compare the secondary structures that are
detected both in the experiment and in the simulation, the
individual vortices were grouped in bins according to both
their maximum swirl velocity Vg ., and their circulation
I',. The resulting histograms are shown in Fig. 15 for both
experiment (series 1, ) and simulation (i) at different
downstream positions. For the swirl velocity, only abso-
lute values are considered, whereas for the circulation the
sense of rotation is also taken into account in order to
analyze a possible preferential direction. The position of
the maximum in each of the distributions (®,®) is detected
by applying a Gauss fit (——) and extracting the peak in the
fitted curve. Both for the maximum swirl velocity and for
the circulation, the peak positions are detected at higher
values for the simulation compared to the experiment. For
the downstream distances from z/R = —0.1to z/R = —0.6,
the entire distributions seem to be shifted toward larger
velocity and circulation values in the simulation. For
z/R = -0.8 to z/R = —1.2, the distributions outward of
the detected peak position of the simulated data compare
relatively well, but in the experiment significantly more
vortices with smaller swirl velocity and circulation are
detected, which results in a discrepancy in the overall vor-
tex number at these positions.

The reduced number of weaker vortices in the simula-
tion could be the result of the coarser spatial resolution (1/4
fewer data points). In a previous investigation (Bodling and
Potsdam 2020), numerical results that were derived with
the same resolution as in the present study were compared
to “Shake-The-Box” measurements (Wolf et al. 2019b). In
this comparison, the numerically predicted secondary vortex
number seemed to be larger than in the experiment, which
featured a lower spatial resolution in comparison with the
current PIV measurements (Fig. 2). The present experi-
ments indicate that the higher number of worms could be
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Fig. 15 Secondary vortex histograms corresponding to maximum swirl velocity Vg .., (left column) and circulation I, (right column) for differ-

ent axial positions z/R

physically more accurate. When comparing the positive and
negative circulation curves, only a marginal preference in the
positive sense of rotation can be detected in the experiment
(see horizontal dashed lines), while the numerical data show
a similar trend in the opposite direction.

The extracted values of the peak positions for maximum
swirl velocity and circulation are plotted in Fig. 16 over
the axial position in the wake. Due to the smaller number
of weaker vortices that are detected, the peak positions of
Vo.max and I', are consistently smaller in the experiment than
in the simulation. The highest values are reached around

@ Springer

z/R = —0.6t0 z/R = —0.8. The highest number of secondary
vortices detected in the PIV data has maximum swirl veloci-
ties in the range of Vg, = 0.38 V,, — 0.51 V,,, whereas in the
simulation they lie between Vg = 0.55V, and Vg = 0.8 V.

As for the circulation, the majority of the second-
ary vortices in the experimental data exhibit values from
I, =0.08 m/s” to I, = 0.09 m/s?, which is roughly 5% of
the initial circulation of the blade tip vortices. In the simula-
tion, the peaks are located in a range from I', = 0.12 m/s” to
I, = 0.16 m/s? and thus at about 8% of the blade tip vortex
circulation.
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In summary, it can be stated that the overall development
of secondary structures that was detected in the experiment
is quantitatively well represented in the simulation, although
weaker structures are not resolved to the same degree as in
the experiment. Nonetheless, the results underline the physi-
cal validity of secondary vortex structures that appear in
high-fidelity CFD simulations.

5.4 Secondary vortex formation and development

Building on the quantitative similarity of experiment and
simulation, this section aims to combine the information
from both datasets to gain insight into the formation and
development process of the secondary vortex structures.
One question that is frequently addressed is the develop-
ment of these structures, which are commonly believed to
originate from the blade shear layers.

Chaderjian and Buning argue that the axial stretching
of the shear layer between two consecutive tip vortices
augments the secondary worm’s rotation due to conserva-
tion of momentum (Chaderjian and Buning 2011). There-
fore, it is suggested that the worms are likely to occur in
a phase where a blade shear layer approaches a preceding
tip vortex. The measurements by Wolf et al. (Wolf et al.
2019b) demonstrated that first secondary vortices occurred
at a wake age of y = 75°, where the“S”-shaped shear-layer
stretching between both tip vortices has not yet developed.
Bodling & Potsdam (Bodling and Potsdam 2020) showed
that the first secondary vortex structures originate from
the shear layer being wrapped around its corresponding
primary vortex and breaking apart into coherent structures.
This can also be observed in the current simulation data.
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Fig. 16 Peak positions of Vg ., (@) and I', (b) from histograms
depicted in Fig. 15 over axial position z/R

Figure 17 shows the numerically predicted vorticity
magnitude isosurfaces (Jo| = 170 %) at the key stages of
the evolution process, y = 5°,35°,75°,115°, and 150°.
Isosurfaces are colored by vertical velocity w/V,. At
yw = 5°, the vortex sheet shed from the blade wraps around
the nearby primary vortex. Aty = 35° and 75°, the vortex
sheet breaks apart into small coherent structures while
also convecting downward. Small-scale secondary vortices
tangling around the blade tip vortex can thus be detected
before the shear layer has reached the preceding blade tip
vortex. Aty = 115° and 150°, the shear layer is entrained
into the next primary vortex, similar to a classic mixing
mechanism in shear layers (Chaderjian and Buning 2011).
This causes the shear layer to break apart into the elon-
gated S-shaped coherent structures that are frequently
called “worms.” Additionally, larger secondary vortex
braids can be observed that do not extend between two
consecutive blade tip vortices but omit one vortex and con-
nect two primary vortices originating from the same rotor
blade. These structures can be observed in the zoomed-in
regions in Fig. 17. The underlying mechanism seems to be
that as a new blade tip vortex is created and approaches
the secondary vortex braids that span between preceding
tip vortices ( (D), parts of the secondary structures get
entrained into the newly created blade tip vortex and form
the observed elongated structures (®). A similar obser-
vation of individual secondary vortices persisting over an
extended period > 180° azimuth was also made in the PIV
data.

The effect of an increased number of secondary vortices
in direct proximity to the blade tip vortices is also detected in
the current experimental data. Figure 18 depicts the phase-
dependent evolution of the average number of secondary
VOTtiCES 71, 116, TOT the four upper measurement planes from
z/R = —0.1to z/R = —0.6. The phase-locked PIV data were
used to calculate an average number from 100 samples that
were recorded for each phase position. The phase position
is expressed using the azimuthal progression relative to azi-
muth at which the first blade tip vortex passes through the
respective measurement plane (“relative wake age”). The
phase positions at which the blade tip vortex centers were
located in the measurement planes were detected based on
the radial (v) velocity components and are marked by black
dashed lines in Fig. 18a—d. The number of detected sec-
ondary vortices shows peaks in close proximity to the tip
vortex passages for all depicted axial planes. The secondary
vortex number is up to six times higher around the blade
tip vortices than at phase positions between two tip vorti-
ces (Fig. 18b). One of the reasons for that can be found in
the fact that worm structures on both sides of the blade tip
vortex are detected that span to the preceding and subse-
quent blade tip vortex. (See, for example, Fig.12b.) Also, at
the position where the measurement plane cuts through the
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Fig. 17 Secondary vortex development process ranging from rotor wake age yw = 5°to y = 150°, visualized with data from the simulation

Tip vortex passage 100

g J o °
£ 20 0 Jlo @ 50 ® :%
> ° ”
= 1 1 1
0 1 L 0 1
0 90 180 270 -90 0 90
(a) zR =-0.1 (b)z/R=-0.2

300 i »
A
1 1

100
1 0 1 1
90 180 -90 0 90 180
Relative wake age [°] Relative wake age [°]
(c)zR=-0.4 (d)zZR=-0.6

Fig. 18 Experimentally detected average vortex number over phase
position denoted with wake age relative to the passage of the first
blade tip vortex

center of a tip vortex, the secondary structures are oriented
perpendicular to the measurement plane, whereas at differ-
ent phase positions the vortices are cut in a more oblique
way due to their S-shaped structure. Nonetheless, the surplus
of detected secondary structures around the primary vortex
supports the finding of an increased number of secondary
structures tangling around the primary vortices.

A second aspect that is investigated here is the develop-
ment of the secondary structures with increasing wake age
and its connection to the stability of the blade tip vortex sys-
tem. In Fig. 14, it was shown that both in the experiment and
in the simulation the number of secondary vortices is maxi-
mum at an axial coordinate of z/R = —0.8 and decreases
for higher downstream distances. To better understand this
process, Fig. 19 shows how the secondary vortices evolve
as they convect downstream.

As shown in the left side of Fig. 19, the primary vortices
break down in the simulation for z/R < —0.6, as indicated
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by the increasingly disorganized tip vortices. The corre-
sponding variation of the secondary vortices along the axial
direction is shown in the middle and right side of the figure.
The primary vortex is shown in the yellow Q-criterion iso-
surfaces with Q = 10° - %, and the clockwise rotating sec-
ondary vortices are colored by vertical velocity w/V, with
0=10- iz (counter-clockwise vortices omitted for clarity).
As discusssed before, the measured data show that for small
wake ages (z/R > —0.6), the secondary vortices are concen-
trated around the primary tip vortex. However, we see that as
shown in the right side of Fig. 19, when the primary vortex
starts to break down, the S-shape of the secondary vortices
starts to become more chaotic. While the secondary worms
still appear in an organized pattern above z/R = —0.6, the
breakdown of the tip vortices below z/R = —0.8 seems
to facilitate the dissipation of the worms into smaller and
more chaotic structures, which will tend to break down
with increasing age. As the primary vortex breaks down,
the secondary vortices become less concentrated around the
primary vortex and this leads to fewer secondary vortices.
As previously discussed, pairing effects were detected in the
PIV data (Fig 6). Therefore, differences in how the primary
vortex breaks down in the simulation and experimental data
could explain why there is a higher discrepancy in the total
number of secondary vortices for z/R < —0.8.

6 Conclusions

A joint experimental and numerical investigation was per-
formed to analyze and quantify the development of second-
ary vortex structures in the wake of a two-bladed rotor out of
ground effect. High-speed PIV experiments were conducted
to capture velocity fields with both vertical and horizontal
measurement planes to capture a large portion of the wake
and to resolve the blade tip vortices as well as secondary
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Fig. 19 Simulation-based
visualization of tip vortex
breakdown (left) and variation
of secondary vortices along
the axial direction (middle and
right). For clarity, only the
clockwise rotating secondary
vortices are shown

vortex structures. Simultaneously, a high-fidelity simulation
with Helios was conducted. First, the overall wake structure
in terms of the downwash velocities and the blade tip vortex
system was analyzed and compared between experiment and
simulation. In a second step, a combined experimental and
numerical investigation of secondary vortex structures wrap-
ping around and spanning between the blade tip vortices was
performed. The following conclusions have been drawn from
this collaborative experimental and computational study:

1. Average downwash velocity profiles showed a good
agreement between the experimentally captured PIV
data and the simulation regarding both the magnitude
and the spatial distribution of the velocity. There was
satisfactory agreement in the turbulent kinetic energy,
where the radial velocity component showed the largest
differences.

2. The blade tip vortices were characterized for down-
stream distances up to 0.93 rotor radii below the rotor
plane. Although an initial divergence in the maximum
swirl velocity was observed, the good agreement in the
vortex circulation up to high vortex ages of y ~ 900° at
z/R = —0.93 suggests that the decay process of the tip
vortex system was well captured in the simulations.

3. Secondary vortex structures were experimentally
detected in seven horizontal measurement planes that
were distributed over a downstream distance of 1.2 R
below the rotor. Corresponding planes were analogously
analyzed in the CFD data. The application of identi-
cal evaluation schemes for both the experiment and the

z/R=-0.1
z/R=-0.2
z/R=-0.4
z/R=-0.6
z/R=-0.8
z/R=-1.0
z/R=-1.2

simulation allowed for a direct quantitative comparison.
The overall vortex number that was detected showed
good agreement, indicating that the conducted Helios
simulations are capable of correctly modeling the phe-
nomenon despite the underprediction of Vg ... It was
found both in the experiment and in the simulation that
the number of vortices increased to a downstream dis-
tance of z/R = —0.8 where it showed a peak value. At
larger downstream distances, where the blade tip vor-
tex system is found to become increasingly chaotic, the
number of detected secondary structures decreases.
Secondary vortex parameters were extracted, and a
statistical evaluation showed that for the more intense
secondary vortex structures, good agreement between
simulation and experiment was achieved. In the PIV
data, however, a larger number of less intense second-
ary structures were detected which could be a result of
the higher spatial resolution compared to the simulation.
Nonetheless, the results indicate that for the given grid
resolution and solver sub-iteration convergence, the sec-
ondary vortex phenomenon as a whole is captured well
with the high-fidelity simulations. Their influence on the
decay of the blade tip vortex system does not seem to
be overestimated, as was supposedly the case in a num-
ber of recent high-fidelity simulations. Future studies
on grid convergence and grid resolution will be needed
to confirm what is sufficient to capture the secondary
vortex phenomenon.

Investigation of the development process of the second-
ary vortices showed an intensified formation of second-
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ary structures around the blade tip vortices, where the
simulation data showed their emergence from the rolled-
up blade shear layer. This was supported by a statisti-
cal evaluation of the experimental data that showed an
increased number of secondary vortices in the measure-
ment plane in direct proximity to the blade tip vortices.
This is also detectable at higher vortex ages up to the
point where vortex pairing hampers the identification
of individual primary vortices. No distinct preferential
direction of rotation was detected neither in the experi-
mental data nor in the CFD simulation. The instanta-
neous velocity fields instead regularly showed pairs of
vortices with alternating sense of rotation.

For the first time, since high-fidelity CFD simulations identi-
fied previously unseen secondary vortex structures in heli-
copter wakes, there is now both qualitative and quantitative
experimental corroboration with computation of their exist-
ence, strength, and number. This study contributed to a more
fundamental understanding of their development, behavior,
stability, and decay.

The results have opened up many areas for further
research. Variations in thrust and blade number change the
tip vortex separation distance in the helical wake. Therefore,
in future work we will investigate how the development of
the secondary vortices is affected by thrust and blade number
variations. Other topics for future research include the role
of turbulence and wake sheet strength in the secondary vor-
tex development process. Additionally, it can be addressed
how the secondary vortices exactly affect primary tip vortex
breakdown and how their occurrence is related to instability
mechanisms such as long-wave and short-wave instabilities.
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