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In hover, descent, and low-speed forward flight the vortices trailed from the main rotor blade tips can
cause many detrimental effects associated with blade vortex interactions (e.g., high vibration and noise
levels, large transient loads). Moreover, for a helicopter operating in ground effect the tip vortices can
persist far downstream in the wake, which may lead to whiteout or brownout conditions. Therefore,
experiments and CFD simulations were performed to investigate the ability to diffuse these tip vortices
using model-scale centrifugal pumping rotor blades. In the current study, experimental and numerical
investigations were combined to further increase the understanding of the modified vortex formation
process, as well as to gain insight into the complex flow environment generated in the rotating channel
inside the rotor blades. High-resolution particle image velocimetry was used to gain insight into the
flow field generated during the initial vortex formation process. Furthermore, phase-averaged mea-
surements were used to validate the numerical simulations. It was found that for early wake ages,
spanwise blowing effectively diffused the tip vortex. The CFD simulations revealed flow details in the
internal channel where experimental measurements were not possible, and it was found that the inlet
geometry along with the rotor thrust level had a significant influence on the volume flow rate through

the internal channel, which may ultimately affect tip vortex diffusion.

NOMENCLATURE

Rotor disk area, = TR?, m?
c Rotor blade chord length, m

Cp Rotor power coefficient, = P/pA(QR)?
Cr Rotor thrust coefficient, = T /pA(QR)?
Msyfiela Mach number at farfield boundary
Miip Mach number at blade tip

Ny, Number of rotor blades

P Rotor power, W

r Radial distance from rotational axis, m
R Rotor radius, m

Reygp Chord Reynolds number at blade tip, = Viipcp/u
T Rotor thrust, N

Viip Rotor tip speed, = QR, ms~!

Viot Total velocity, m s~
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Dimensionless wall distance
Height over ground, m
Wake age of the tip vortex, = Qr, deg.
Blade collective pitch angle, deg.
Dynamic viscosity, kg m~! s~
Spalart—Allmaras viscosity

Air density, kg m~3

Rotor solidity, = Npc/ (TR)

Rotor blade azimuth angle, deg.
Vorticity, s~

Onorm  Normalized vorticity, wc/(QR)

Q Angular velocity of the rotor, rad s~
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1. INTRODUCTION

A hovering rotor wake is comprised of concentrated vor-
tices trailed from each blade tip and turbulent wake sheets
trailed from the inboard sections of the blades. After be-
ing trailed from the tip, vortices follow a helicoidal trajec-
tory below the rotor, thereby remaining in relatively close
proximity to the rotor blades for several rotor revolutions.
Therefore, these dominant tip vortices can continuously in-
teract with the rotor blades, a phenomenon known as blade



vortex interaction (BVI). BVI significantly affects the lo-
cal velocity fields near the blade, resulting in many ad-
verse effects (e.g., large transient variations in the aero-
dynamic loads on each blade, increased vibrations, noise,
etc.) (Ref. 1). Furthermore, for helicopter operations near
unprepared surfaces the interaction of the tip vortices with
loose mobile sediment can rapidly lead to the formation of
a brownout cloud (Refs. 2-5). Many of these adverse ef-
fects could potentially be mitigated by diffusing these tip
vortices. While there are many methods for achieving vor-
tex diffusion, one potential method is the use of passive
spanwise blowing (Ref. 6), which is the focus of the cur-
rent work.

The vortical nature of the rotor wake has been well
documented (Refs. 3,7-20). Because the tip vortices are
the dominant feature in the rotor wake a considerable
amount of research has focused on their characterization
(Refs. 21-32). Furthermore, as previously discussed, be-
cause of the numerous adverse effects associated with tip
vortices, a significant amount of prior work has focused on
altering the tip vortex structure (vortex core radius, peak
swirl velocity, etc.) through the use of spanwise/chordwise
blowing and blade tip modifications.

Numerous studies have investigated modifying the
blade tip shape (e.g., planform, subwings, spoilers, end
plates, etc.) to favorably alter the tip vortex structure
(Refs. 32-41). Whereas modifications to the planform of
the blade tip (taper and/or sweep) did not significantly af-
fect the rotor performance, only modest changes to the vor-
tex structure were observed (Refs. 32,41). Conversely, the
use of spoilers or end plates on the upper surface or trailing
edge of the blade drastically diffused the tip vortices, but
incurred substantial power penalties (Refs. 36,40). A rela-
tively effective blade tip modification was the addition of a
sub-wing, however, it was susceptible to early flow separa-
tion, increased nose-up pitching moment on the rotor blade,
and higher torque requirements in hover (Refs. 34,35,41).

Another potential method for diffusing the tip vortices
is the use of active or passive flow control (Refs. 32,42-57).
However, the additional power requirements, and increased
nonstructural mass of actively controlled devices make
them less desirable as compared to passive methods. Fur-
thermore, passive methods are often simpler, lower cost,
and have less failure modes. Therefore, tip vortex diffusion
would ideally be achieved using a passive method.

Experimental and computational studies have examined
the idea of using a slotted rotor blade to provide passive
spanwise blowing (Refs. 6,32,47,51-57). Han and Leish-
man (Refs. 51,52), and Han (Ref. 53) examined the tip
vortices trailed from a slotted-tip rotor blade utilizing pas-
sive spanwise blowing. The slotted-tip blade (Refs. 51-54)
utilized four internal slots connecting the leading edge of
the blade to its side edge (see Fig. 1) to inject small-scale
vorticity and turbulence directly into the tip vortex core.
The slotted-tip blade was found to produce a more dif-
fused vortex core with peak swirl velocities nearly two-
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Fig. 1: Schematic of the slotted-tip blade examined by
Han and Leishman (Refs. 51,52,54).

thirds lower than that of the baseline blade (Ref. 52). Mil-
luzzo et al. also examined the slotted-tip blade proposed
by Han and Leishman (Refs. 51, 52) on a rotor operat-
ing in ground effect as a means of modifying the tip vor-
tices and the resulting flow at the ground (Ref. 32). They
found that the slotted-tip design produced a substantially
more diffused tip vortex with reduced peak swirl veloci-
ties compared to the baseline blade and little concentrated
vorticity near the ground. Unfortunately, the reduction in
peak swirl velocities came at the expense of a profile power
penalty (Ref. 52).

The slotted-tip design (Refs. 51, 52) utilized the large
dynamic pressure at the blade tip to drive air flow out the
side edge of the blade (i.e., a dynamic-pressure-driven de-
sign). However, to limit profile losses it is more desirable
to place the inlet slots away from the blade tip where the
flow velocities and so the dynamic pressure are relatively
lower. One such design places the inlet slot near the root
of the blade, and uses the large centrifugal forces gener-
ated by the blade’s rotation to accelerate the air radially
outward. This centrifugally-driven design is also known as
centrifugal pumping.

Studies were conducted by Kuerbitz and Milluzzo
(Ref. 58) using performance measurements, particle image
velocitmetry (PIV), and flow visualization to examine the
effect pumping blades, rotor operating thrust, and exit slot
orientation have on the rotor wake and tip vortices. They
found that when the rotor was operated at a higher thrust
condition, the pumping blade designs merely prolonged
the initial formation of the tip vortices. Conversely, at the
lower thrust condition the vortices were substantially dif-
fused. Furthermore, the pumping blade designs were found
to incur a power penalty, which was expected to have re-
sulted from the exit slots at the tip increasing the profile
losses, as well as Coriolis torque produced by the radial
movement of air through the internal duct. However, the
work by Kuerbitz and Milluzzo (Ref. 58) did not quantify
the Coriolis torque. Furthermore, the details of the initial
formation and roll-up of the vortices were not investigated.



Due to the difficulties associated with assessing the in-
ternal flow characteristics of rotating pipe or channel flows,
only few experimental and numerical studies are available
(Refs. 59,60). Min et al. (Ref. 59) explored the ability of
numerical methods to predict measured pressure distribu-
tions and mass flow rates for a centrifugally-driven flow
inside a rotating duct. In this work, two predominant flow
features were highlighted, namely recirculation zones and
flow separation at the inlet and a mixing of the duct flow
with the external flow at the outlet. Platzer et al. (Ref. 60)
made a first attempt to assess the internal flow field of the
centrifugal pumping rotor blade. They showed that the
generic flow features observed for the rotating duct flow
were also present for the centrifugal pumping blade de-
sign. Furthermore, the altered vortex formation process at
the blade tip was shown in comparison to a non-pumping
baseline blade including the effects of varying mass flow
rates.

Pumping rotor blades were further investigated by Mil-
luzzo et al. (Ref. 61) using performance measurements to
quantify the Coriolis torque and PIV to document the initial
roll-up and evolution of the tip vortices. They performed a
first-order theoretical investigation of the Coriolis torque
using a one-dimensional, incompressible, fully developed,
steady flow analysis on the flow through the internal duct.
The method yielded a simple equation that was determined
to be highly dependent on the assumed conditions of the
internal flow (e.g., laminar, turbulent, etc.). Furthermore,
the spanwise blowing of the pumping blades initially gen-
erated a vortex core that was significantly more distorted
as compared to the baseline blade, but this initial distortion
was overcome by the rotation of the vortex. However, the
flow through the internal duct and out of the exit slots was
not examined.

To this end, the goal of the present work was to increase
the understanding of the flow physics associated with cen-
trifugal pumping rotor blades. Both experimental and nu-
merical techniques were used to quantify the effects of pas-
sive blowing, as well as to identify areas for potential de-
sign improvements. In particular, the initial roll-up process
and evolution of the tip vortices in the near-field region be-
hind the blade were assessed and compared to a baseline
blade without spanwise blowing. PIV was used to quan-
tify the effects of blowing on the vortex formation and the
results were used to assess the ability of the numerical ap-
proach to accurately simulate the rotor wake flow at early
wake ages. Numerical simulations were used to reveal de-
tails of the flow physics at the inlet and inside the inter-
nal channel where measurements were not possible. Fur-
thermore, the theoretically determined Coriolis torque was
reviewed using numerical results of the internal channel
flow field, and comparisons of the measured and computed
power penalty associated with centrifugal pumping blades
were made.

2. DESCRIPTION OF THE EXPERIMENTS

The current measurements used a two-bladed teetering ro-
tor system with adjustable collective pitch. The rotor
blades had a radius of 0.408 m (16 inches) and a con-
stant chord of 44.5 mm (1.752 inches), which yielded a
solidity of 0.0697. Each blade was comprised of a sin-
gle, cambered NACA 2415 airfoil. The rotor was oper-
ated at a rotational frequency of 35 Hz (2,100 rpm), giv-
ing a tip speed of Vi, = 89.72 ms~! (294.5 fts™!) and a
nominal tip Mach number and chord Reynolds number of
M, = 0.27 and Rey;, = 282,000, respectively. For the cur-
rent measurements two different blade sets were tested, a
baseline (non-pumping) blade and a pumping blade design
(discussed next).

The rotor was tested in a hovering state both in and out
of ground effect. For the in-ground-effect tests, the rotor
was operated at a height of one rotor radius above a ground
plane (z/R = 1.0). The ground plane was designed with a
radius that was twice that of the rotor radius and with flow
diverters along its circumference to limit flow recirculation.
Honeycomb screens upstream of the rotor were also used to
reduce the measured turbulence levels of the incoming flow
to less than 1% of the average flow velocities in the rotor
wake (Refs. 32,62).

Blade Design

Flow field measurements were performed on the wakes
generated by rotors with two different blade sets operating
in ground effect. A rectangular (non-pumping) blade was
used for a baseline. The other blade tested was a centrifu-
gal pumping blade with a single internal duct connecting
the inlet slot near the blade root to four exit slots at the
blade tip; see Fig. 2. Figure 3 shows a representative im-
age of the intake slot, which had an area of 4.01 1x1075 m?
(4.3174x10~* ft2). The exit slots were 3 mm in diame-
ter and oriented such that the internal flow exited the blade
along the horizontal axis (i.e., at an angle of 0°).

The inlet slot centerline was 93 mm (3.66 in) or 22.8%
of the rotor radius (i.e., r/R = 0.228) away from the ro-
tational axis, which yielded a flow velocity at the inlet of
20.44 ms~! (67.07 fts~!). For a circle of equivalent area
to the internal duct, the Reynolds number of the flow enter-
ing the duct was determined to be approximately 10,000,
which was above the threshold for laminar flow (4,100).
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Fig. 2: Schematic of the pumping blade design with a
long internal duct connecting the intake slot near the
root of the blade to the exit slots at the tip.
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Fig. 3: Schematic of the pumping blade inlet slot near
the root of the blade.

Performance Measurements

Flow field measurements were taken for the baseline and
pumping blades operating in ground effect at a blade load-
ing coefficient of Cr/c = 0.08. Because the current per-
formance measurements were performed on rotors operat-
ing out of ground effect, the collective pitch necessary to
set the required rotor operating conditions was determined
using the in-ground-effect performance measurements of
Kuerbitz and Milluzzo (Ref. 58). The thrust and power
coefficients were determined using the daily air density,
which was calculated using ambient pressure and tempera-
ture measurements.

Flow Field Measurements

Flow field measurements were performed using particle
image velocimetry (PIV), and the basic set up is shown
in Fig. 4. The light sheet (approximately 2 mm in thick-
ness) was produced by reflecting the laser beam off a high-
intensity mirror and through a convex and spherical lens.
The imaging axis of the camera was oriented orthogonal
to the plane of the light sheet and focused on the desired
region of interest (ROI). The camera and laser were digi-
tally synchronized such that the laser pulses straddled the
camera images.

Signal conditioner

Tachometer

plane
Laser light
sheet

Cylindrical lens
Camera: ®_ Mimor
TTL trigger Q

Synchronizer

Computer, monitor,
camera interface,
digitizer and PIV

software

d:YAG dual laser systes

Fig. 4: Schematic showing the two-bladed rotor and the
experimental setup with the laser and camera used for
PIV.

Seeding Vaporized mineral oil was used to produce the
seed particles for the PIV measurements. The mineral oil

was vaporized in a high pressure heat exchanger, and as
the vapor exited the nozzle it condensed into a fog. From
a calibration, 95% of seed particles were shown to be ap-
proximately 0.22 um in diameter, which minimized particle
tracking errors (Ref. 63).

Phase-Resolved Flow Measurements The flow field
measurements were obtained using a single 11 mega-pixel
camera (4,008-by-2,672 pixel) and a Nd:YAG laser that
was capable of emitting 532 nm light at 200 mJ/pulse when
operated at a frequency less than or equal to 15 Hz. Be-
cause the rotational frequency of the rotor (35 Hz) ex-
ceeded the maximum imaging rate of the camera (1.8 Hz),
the imaging system was synchronized with the rotational
frequency of the rotor. Therefore, the camera was only ca-
pable of acquiring data at a sub-multiple of the rotor fre-
quency (i.e., one image approximately every 15 rotor revo-
lutions).

PIV Imaging The ROI for the current work where PIV
measurements were taken is shown in Fig. 5 as ROI 3. It
focused on a small region near the rotor blade tip to exam-
ine the initial roll-up of the tip vortex. ROI 3 had a field-
of-view of 50-by-30 mm (0.12-by-0.074 R), used a laser
pulse separation time of 2 us, and 500 PIV image pairs were
taken at wake age increments of 3°.

Pyr——

Fig. 5: Definition of the coordinate system and the re-
gions of interest (ROIs) used for the rotor wake mea-
surements.

For PIV cross-correlations in ROI 3, interrogation win-
dows with dimensions of 24-by-24 pixels with a 50% over-
lap were used. The window size and ROI field of view
provided the spatial resolution necessary to resolve the rel-
atively steep velocity gradients found in vortex cores. An
adaptive PIV method was used that automatically changed
the interrogation window size and shape to optimize the
local seeding density and flow gradients (Ref. 64). This
adaptive PIV method provided high spatial resolution while
maintaining measurement accuracy. The PIV data were
processed through a local median filter that removed vec-
tors that were more than 1.5 times the standard deviations
of the median of the 3-by-3 neighboring vectors. Images
containing more than 5% removed vectors were excluded
from any further analysis, which comprised less than 1%
of the acquired images.



3. NUMERICAL METHODOLOGY

For the present numerical study, the CFD solver TAU
(Ref. 65), developed by the German Aerospace Center
(DLR), was used. This finite volume solver is capable of
handling unstructured as well as structured grids and has a
second-order accuracy in time and space.

The viscous flow calculations were performed using the
Reynolds-averaged Navier—Stokes (RANS) equations with
the Spalart—Allmaras turbulence model, including a modi-
fication for negative values of the Spalart—Allmaras viscos-
ity V (SA-neg model). Multi-grid cycles were used to im-
prove convergence. Compared to the experimental setup,
the rotor hub was not modeled in the computations. Fur-
thermore, the rotor blades were assumed to be stiff, i.e.,
blade flapping, bending or teetering was not modeled.

Meshing Strategy and Boundary Conditions

Fully structured grids were generated using Ansys ICEM
CFD for the baseline and centrifugal pumping rotors re-
spectively. These grids were axisymmetric to the rotational
axis and consisted of approximately 66 million cells and
300 blocks. For all flow computations, a maximum di-
mensionless wall distance of the first cell of y+ ~ 1 was
achieved. For the external flow, the same grid topology
was used for the baseline blade (no internal channel or
slots) and for the centrifugal pumping blade, including the
topology at the blade tip region where the tip vortex forms
(see Fig. 6). Therefore, it is assured that differences in the
results were not caused by using different computational
grids.

(a) Baseline Blade.

(b) Centrifugal Pumping Blade.

Fig. 6: Surface mesh at the blade tips.

The surface of the blade was resolved with 180 cells
in spanwise direction and 332 cells around the blade pro-
file (i.e., in wrap-around direction). 60 cells were placed

around the circumference of the four exit slots. The devel-
opment of the vortex was captured well by the finer grid
around the blade. This grid design considered the fact, that
capturing the vortex at its origin in the near-body grid is
critical for the overall conservation of the vortices in the
computational domain. The farfield boundary was placed
five rotor radii away from the blade tip in radial direction
and 3 rotor radii above the tip path plane (cylindrical do-
main with 56¢ or 2.45m radius and 37c or 1.63 m height).
To decrease numerical dissipation and dispersion and so to
improve vortex preservation, a finer equidistant grid (spac-
ing of approximately 0.061 ¢ (2.7mm)) was used below the
blades and downstream to the ground plane. The cuboid
volume of this refined grid had a side length of 22.¢ (0.98 m)
and a height of 10¢ (0.42m); see Fig. 7.

axis of
rotation

37 chords

farfield

ground plane

) 56 chords

Fig. 7: Split through computational domain.

fine grid

The ground plane itself was modeled as a frictionless
impermeable wall, as no detailed investigation of the flow
field at the ground plane was performed and the effect of a
ground plane boundary layer on the flow field close to the
rotor could be regarded as negligible. For the other bound-
aries of the computational domain a farfield boundary con-
dition was used with a flow velocity of Mgy fielg = 0.0. The
surfaces of the blades were modeled as fully turbulent no-
slip surfaces.

By using this meshing strategy it was ensured that the
vortices were preserved and convected downstream until
they reached the ground plane, where they still showed
similar coherence compared to what was seen in the ex-
periments. The typical flow field for a hovering rotor in
ground effect was well captured, i.e., the typical contrac-
tion and expansion of the rotor wake including the tip vor-
tices; see Fig. 8. Because of the chosen grid generation
strategy (fully structured grid including the blades without
using chimera/overset grids) it was necessary to decrease
the spacing right below the blades in order to be able to
resolve the blade surface better. Furthermore, the grid was
locally refined close to the inlet.



Fig. 8: Vortex visualization using the Q criterion for
the pumping blade.

Convergence Criteria

For all presented computations a three-part convergence
criteria was used. At first, the density residual was at least
reduced by 6.5 orders of magnitude. In addition, as a sec-
ond criteria at least 10,000 iterations needed to be com-
puted to ensure that the starting vortex no longer signifi-
cantly influenced the near-wake flow field and that the vor-
tices were transported down to the ground plane. Finally,
the convergence was also based on a constant rotor thrust.

4. RESULTS AND DISCUSSION

Two different test cases were evaluated, namely a zero
thrust condition, Cr /6 = 0.00, and a high thrust condition,
Cr/o = 0.08. Therefore, the rotor in the numerical simu-
lations as well as in the experiments was trimmed to meet
these two conditions, which resulted in different collective
pitch angle settings.

Experimental and numerical data were combined, to al-
low a deeper understanding of the flow physics associated
with a centrifugal pumping blade design. The numerical
results were validated by experimental data and the hub
coordinate system was used as the reference system. As
blade deformations did occur but were not measured in the
experiments and they were not modeled in the simulations,
deviations in the vortex positions between the experiments
and the numerical simulations are partially attributed to this
difference.

One focus of the study was on the vortex formation pro-
cess and early wake ages ({ = 3° up to { = 12°). Moreover,
numerical simulations were used to give further insight into
the internal channel flow, that could not be measured exper-
imentally at this point. For the internal flow, a special focus
was put on the complex flow environment close to the inlet.

Power and Thrust Comparisons

The thrust conditions at which the experimental data were
recorded were matched with a maximal deviation of 3% in
the numerical simulations. For the corresponding power

coefficients, Cp, larger deviations were observed (see Ta-
bles 1 and 2). At the high pitch setting a deviation of
approximately 10% was computed for both blade designs.
Relative differences were significantly larger for the low
thrust condition.

For both thrust conditions, a nearly constant absolute
difference in the power coefficients was observed between
the baseline blade and the centrifugal pumping blade, i.e.,
the excess power required by the centrifugal pumping blade
was the same in magnitude. This could be seen in the ex-
perimental as well as in the numerical results. On average,
a difference of the power coefficient of ACp = 4.85-107>
was measured in the experiments, whereas in the numeri-
cal simulations an averaged difference of ACp =5.55- 1073
was calculated. The comparable magnitude of the excess
power that was required for the centrifugal pumping blade
further increased confidence in the numerical simulations
and the validity of the modeled internal channel flow.

Table 1: Comparison of experimental and numerical
power coefficients, Cp, at Cy/c = 0.00.

‘ Baseline ‘ Centrifugal Pumping
Experimental | 1.42-107% 1.89-1074
Numerical 2.51-1074 3.08-1074

Table 2: Comparison of experimental and numerical
power coefficients, Cp, at C;/c = 0.08.

‘ Baseline ‘ Centrifugal Pumping
Experimental | 4.89-10~* 5.39-10~*
Numerical | 5.35-107* 5.89-107*

Vortex Formation Process and Early Wake Ages

In previous studies on centrifugal pumping rotor blades,
early wake ages were either only considered from a nu-
merical (Ref. 60) or from an experimental point of view
(Ref. 61). Therefore, a first attempt to compare experi-
mental and numerical results for early wake ages was made
in the current work. Numerical results were validated, but
also used to highlight existing shortcomings of the current
CFD model. Moreover, experimental results were used to
highlight the modified, transient flow field produced by the
centrifugal pumping rotor blade.

In Figs. 9 and 10 total velocity contours (i.e. the in plane
velocity magnitude) were compared at { = 3° for the base-
line blade and the centrifugal pumping blade, respectively.
Both the experimentally determined instantaneous veloci-
ties and the numerics clearly showed the ability of the cen-
trifugal pumping rotor blades to diffuse the tip vortex. In
the measurements, a concentrated region of high rotational
velocity, i.e., a concentrated vortex, was no longer visible.
The same principal characteristics were found in the nu-
merical results, with a significantly increased vortex core
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Fig. 9: Comparison of total velocity contours normal-
ized by the blade tip speed in ROI 3 for the baseline
blade at a wake age of { = 3°.

size and decreased velocity magnitudes that were seen for
the centrifugal pumping blade.

In the current study, the steady Reynolds-averaged
Navier—Stokes equations together with a one-equation tur-
bulence model were used. This was sufficient to predict the
flow physics from a global perspective. However, the dis-
crete intermittent regions of high flow velocities associated
with the centrifugal pumping blade tip vortex could not be
seen in the numerical results. These small-scale eddies, vis-
ible in Fig. 10 (a), showed significant unsteadiness along
with high (velocity) gradients in the flow field. Resolving
these features was beyond the capabilities of the current
numerical approach as it requires finer computational grids
and transient computations with sufficiently small time-
step sizes. Nevertheless, the numerical approach still al-
lowed to at least qualitatively investigate early wake ages
for the centrifugal pumping rotor blade.

A comparison between numerical results and phase-
averaged experimental results is given in Figs. 11 and 12.
Here, vorticity contours are shown for a wake age of { = 6°.
Using phase-averaged data better resembles the charac-
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Fig. 10: Comparison of total velocity contours normal-
ized by the blade tip speed in ROI 3 for the centrifugal
pumping blade at a wake age of { = 3°.

teristics of the used numerical approach, i.e., steady and
Reynolds-averaged, and hence, a more valid comparison
of the results is possible. In contrast to the previous com-
parison, the vortex core sizes correlated better, although a
slight over-prediction of the vortex core growth could be
observed. The vorticity levels were of comparable mag-
nitude. Hence, it can be concluded that the numerical
simulations were able to predict the phase-averaged data
well, despite the under-prediction of the instantaneous val-
ues shown previously.

The comparisons discussed above showed that the used
numerical approach was, at this stage, not able to accu-
rately predict the unsteady small-scale details of the altered
vortex core structure for the centrifugal pumping blade de-
sign at early wake ages. Even though a hovering rotor was
considered in the present study, the roll-up process was
highly transient and included numerous small-scale eddies
which could not be resolved.

In previous publications, it was demonstrated that at
high thrust levels the effect of blowing was most pro-
nounced for early wake ages (Refs. 58, 60,61). Numeri-
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Fig. 11: Comparison of out-of-plane vorticity in ROI 3
for the baseline blade at a wake age of { = 6°.

cal data (RANS calculations) was published concerning the
vortex formation process at the blade and in the near field
region (Ref. 60). However, thus far only little experimental
data were available concerning vorticity in the flow field
right behind the blade at early wake ages. Therefore, in
Figs. 13 and 14 instantaneous vorticity contours for three
wake ages ({ = 6°, { =9°, and { = 12°) are shown for the
baseline and centrifugal pumping blades. The data were
normalized by

Onorm = Wc/(QR) ¢))

For the baseline blade, a concentrated region of high vortic-
ity, i.e., a clearly distinguishable vortex core, could be seen.
In contrast to that, and in accordance with the previous find-
ings for the total velocity contours, a highly transient and
less homogeneous flow field was visible for the centrifu-
gal pumping blade. The passive blowing introduced small-
scale eddies in the forming vortex core. In addition, the
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Fig. 12: Comparison of out-of-plane vorticity in ROI
3 for the centrifugal pumping blade at a wake age of
{=6°

vortex size was drastically increased and no concentrated
region of high vorticity could be seen any more. The posi-
tive vorticity magnitudes in the flow field were comparable
for both blade designs. It is noteworthy, however, that the
amount of regions with negative vorticity was significantly
increased for the centrifugal pumping blade and that the ed-
dies in these regions were also significantly stronger. These
differences were less pronounced for older wake ages.

Vortex Trajectories

The overall strength, location, and size of the baseline
blade’s trailed vortices was in good agreement with phase-
averaged experimental results for vortex wake ages ranging
from { = 30° to { = 210°; compare Fig. 15 and Fig. 16.
For the result shown in Fig. 15, the same rotor was investi-
gated in hover at Cy /6 = 0.08 but out of ground effect. The
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Fig. 13: Contours of measured normalized instan-
taneous vorticity in ROI 3 for the baseline blades at
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influence of the missing ground plane on the vortex trajec-
tory can in good approximation be neglected for early wake
ages, and hence, comparing these two setups was valid. For
older wake ages, { > 210°, the vortex core size started to
grow significantly in the numerical simulations. This be-
havior was not observed in the experiments and it was at-
tributed to numerical dissipation. A refined grid generation
strategy would be necessary in order to capture the vortex
strength correctly for such old wake ages as, e.g., proposed
by (Refs. 28,55). However, these old wake ages are out of
the scope of the current study.

Internal Channel Flow

The radial velocity field in the internal channel is shown in
Fig. 17 for the zero thrust and the high thrust condition, re-
spectively. It was found that the rotation of the rotor blades
not only accelerated the flow in radial direction but also in
chordwise direction. These coupled acceleration effects in
the internal channel resulted in a nonuniform velocity pro-
file inside the channel, i.e., the flow velocities were higher
closer to the trailing edge. Therefore, greater mass flow
rates were observed for the outlet ducts closer to the trail-
ing edge compared to those closer to the leading edge of
the blade.

The volume flow rate, and hence the spanwise velocity
magnitude of the flow, is mostly determined by centrifu-
gal effects. Hence, as a first order approximation, the flow
rate is only defined by the rotor rotational speed. However,
when comparing Figs. 17 (a) and (b), a deviation of the flow
magnitudes was visible. This was also confirmed by the
overall flow rates shown in Table 3. The zero thrust case

Table 3: Volume flow rates for different thrust levels.

Thrust level | Volume flow rate
Cr/o=0.00 | 0.000161 m?>s~!
Cr/c =0.08 | 0.000149 m> s~!

was able to pump more fluid compared to the high thrust
case. At first glance, this was unexpected, as a large region
of reverse flow was visible behind the 90° corner close to
the inlet for the zero thrust case, which was expected to re-
duce the possible volume flow rate. This region of reversed
flow was also seen in (Ref. 60) for a blade loading coef-
ficient of Cr/c = 0.07. However, in the present study at
Cr /o = 0.08 this region was almost vanished. The only
notable difference between the current study and (Ref. 60)
was the higher blade pitch angle used in the present study
for the higher thrust levels.

Therefore, a second mechanism must be responsible for
these differences. A more detailed look at the inlet of the
internal channel revealed that a second region of flow sep-
aration existed. Figure 18 shows the relative velocity be-
tween the fluid and the blade surface. As can be seen,
the centrifugal pumping effect sucked fluid into the inter-
nal channel. However, for the high thrust condition a large
region of reverse flow was seen as the flow separated from
the lower inlet lip. This region was non-existent for the
zero thrust condition. This flow separation was caused by
the different collective pitch settings used for the two thrust
conditions (@9 = —2.25° for zero thrust and ®y = 7.5° for
Cr /o = 0.08). Hence, the strong blockage effect for the
high thrust condition resulted in a lower volume flow rate
and lower overall flow velocities in the internal channel.
This blockage, in addition to the occurring swirl flow near
the lower lip, also resulted in a reduced region of flow sepa-
ration behind the 90° corner; see Fig. 17 (b) and Fig. 18 (b).

It is known from previous studies on this blade design
(Refs. 58, 60) that stronger tip vortices, i.e., higher thrust
levels, require greater volume flow rates to efficiently dif-
fuse the tip vortices. Therefore, the shown dependency of
the volume flow rate on the set pitch angle has an adverse
effects on the overall efficacy of the design to delay the vor-
tex formation and to diffuse the tip vortex for older wake
ages. However, due to the complexity of this flow and the
fact that the pitch setting for the high thrust condition was
slightly higher in the numerical simulation compared to the
experiment, further studies have to confirm those findings.
Nevertheless, improving the channel inlet design promises
to be a key factor to improve the overall system perfor-
mance in terms of its ability to diffuse the tip vortex.

Coriolis Torque

Although it was not possible in the current experiments
to directly measure the described secondary acceleration
effects, increased power requirements were measured for
the centrifugal pumping blade when compared to the base-
line design, which was confirmed by the numerical simu-
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lations; see Tables 1 and 2. A preliminary analytical in-
vestigation based on first-order calculations revealed that
Coriolis forces affecting the flow in the internal ducts are
likely to be the reason for much of the additional power
requirements measured for the centrifugal pumping blade
(Ref. 61). When the Coriolis torque was removed, the cen-
trifugal pumping blade had lower power requirements than
a slotted blade tip (without internal channel) and it was
nearly equal to the baseline blade (without blowing), par-
ticularly at high thrust conditions (Ref. 61).

For the first order (analytical) estimates (Ref. 61) the
velocity distribution of a fully developed turbulent flow
in a circular pipe was used, i.e., an empirical power-law
velocity distribution. However, this rotationally symmet-
ric flow field could not be confirmed by the current flow
simulations; see Fig. 17. More detailed insights into the
flow velocity distributions are given in Fig. 19. Radial ve-
locity profiles were extracted from the internal channel at
three different radial stations (r/R = 0.4, r/R = 0.6, and
r/R = 0.8) for the zero thrust and the high thrust condition.
These locations were chosen in regions where a fully de-
veloped flow could be assumed in the channel. In general
the same global shape of the velocity profiles was found
for both thrust settings. The profiles tend to reduce their
asymmetric shape closer to the blade tip. This asymmetry
was largest for regions closest to the reverse flow regions,
i.e., for low values of »/R. The magnitude of the flow ve-
locity was influenced by the location of reversed flow, i.e.,
separation at the lower inlet lip for the high thrust case re-
duced the overall volume flow rate and hence also the radial
velocity magnitudes.
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5. CONCLUSIONS AND OUTLOOK

Both experimental and numerical techniques were used to
investigate the ability of a model-scale centrifugal pumping
rotor blade to diffuse the trailed tip vortices. Specifically,
the tip vortex initial roll-up and development was assessed.
Furthermore, the characteristics of the flow through the in-
ternal channel were documented. Particle image velocime-
try was used to quantify the initial vortex formation, as well
as to provide validation for the numerical approach. The
validated numerical simulations were used to provide in-
sight into the complex flow physics in the internal channel,
as well as at the inlet where measurements were not pos-
sible. The power requirements associated with centrifugal

pumping rotor blades were also examined. The following
specific conclusions have been drawn from this work:

1. Compared to the baseline blade, the pumping blade
with passive spanwise blowing was found to produce
a significantly more distorted and diffused tip vortex,
which decreased the overall vorticity levels and the
coherence of the vortex core. It was found that the
vortex roll-up process was prolonged and that its core
size was significantly increased.

2. The spanwise blowing resulted in a highly unsteady
vortex formation process, which could not be picked
up when using averaging techniques (i.e., phase-
averaged measurements or steady RANS simula-
tions). However, the numerical results were found to
correlate well with phase-averaged measurements.

3. As was documented in previous studies, the pumping
blades were observed to incur a power penalty com-
pared to the baseline blades. The numerical simu-
lations were able to predict the additional power re-
quirements correctly when compared to the experi-
mental results.

4. The numerical simulations yielded significant insights
into the complex flow physics associated with the in-
ternal channel, and the resulting effects on the power
requirements of the pumping blades. Specifically, the
velocity profile in the channel was found to be signif-
icantly different from that found in a (standard) pipe
flow, as well as those assumed in previous studies.

5. The blade pitch angle was found to have a significant
effect on the formation of two reverse flow regions at
the inlet of the channel, which drastically affected the
volumetric flow rate through the blade’s internal chan-
nel. Therefore, the Coriolis torque is also expected to
be a function of the operating thrust, as well as the
rotational speed, inlet and channel design.

The new results helped to improve the understanding
of challenges associated with centrifugal pumping rotor
blades. The combination of experimental and numerical
techniques was effectively used to complement the results
of the other technique and highlight possible shortcomings
in the current numerical simulations. The provided insights
may be used to further improve the centrifugal pumping
blade design in terms of power requirements and its ability
to effectively and efficiently diffuse the tip vortex at high
thrust levels.
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