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Abstract
Ring-type dielectric barrier discharge (DBD) plasma actuators have been developed to facilitate
active control of the tip leakage flow of a turbine rotor. In order to construct a two-dimensional model of
the tip leakage flow, a flat plate was inserted with a certain clearance between rectangular test section
of a wind tunnel and velocity distributions near the plate tip regions were analyzed by particle image
velocimetry (PIV). In this study, effects of the tip clearance size of the flat plate were examined at
different tip clearance sizes from 0.6 mm to 2.4 mm in a wind tunnel at low tip leakage velocity
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conditions of 1 m/s - 2 m/s. The input voltage and frequency were varied in the ranges between 10 kV
and
17 kV, 2 kHz and 12 kHz, respectively. The forcibly-induced tip leakage flow was easily dissipated
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tip clearance size (0.6 mm and 1.0 mm) by applying relatively smaller input voltage. The
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flow.
At
larger
tip clearance of 1.8 mm, the mass flow rate of the tip leakage flow is increased
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and the flow diffusion is observed at the low frequency operation, 2 kHz. At the largest tip clearance of
Dynamics of
Rotating Machinery 2.4 mm, the peak velocity of the tip leakage flow is 38% reduced by the effect of the plasma actuator of
the input voltage of 17 kV and frequency of 10 kHz.
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INTRODUCTION
Tip clearance between the blade tips and the casing in
turbomachinery induces leakage flow, which arises due to
the pressure difference between the pressure surface and
the suction surface of the blade. The leakage flow
emerging from the clearance interacts with the passage
flow and rolls up into a vortex known as the “tip leakage
vortex.” Although the size of the clearance is typically
about one percent of the blade height, the leakage flow
through this small clearance has a significant effect on the
aerodynamics of the turbine. For example, the tip
clearance loss of a turbine blade can account for as much
as from 20 to 40% of the total losses [1]. The loss of
performance due to tip clearance flow has therefore been
intensively studied for many years. Booth [1] and more
recently Sjolander [2] presented comprehensive reviews of
the various effects of tip clearance flow. Bindon [3], Dishart
and Moore [4], Yaras and Sjolander [5], and Heyes and
Hodson [6] made detailed measurements of the tip
clearance flow. In addition, Heyes et al. [7] and Morphis
and Bindon [8] investigated the effect of tip geometry.
Concurrently, numerous studies focusing on loss prediction
methods have been conducted, over a long period [9]-[14].
The basic structure of dielectric barrier discharge (DBD)
for flow control was described by Roth et al. [15] in 1998,
and the application of DBD plasma actuators has been
developed over the last decade, from fundamental studies
to a wide range of applications [16]; among these, major
targets are separation control [17]-[21] and drag reduction

[22]. With regard to tip clearance flow control, Van Ness II et
al. [23]-[25] investigated the effect of active control using
blade-tip-mounted plasma actuators.

RING-TYPE PLASMA ACTUATOR
Figures 1 shows the new ring-type plasma actuator for tip
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Figure 1. Ring-type plasma actuator
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clearance flow reduction in an axial-flow turbine rotor.
Metallic wires coated with insulation material, to which high
voltages are applied, are mounted in a ring-shaped
insulator embedded in the casing (tip endwall). All of the
conductive materials, such as the turbine blades, drive
shaft, and casing wall, are connected to the ground for
safety. When high voltages at high frequencies are applied
to the metallic wires, the tip of the turbine rotor takes on
the role of a ground electrode, and glow discharge plasma
is formed between the metal wire in the casing wall and the
tip of the turbine blades. The induced flow by the glow
discharge plasma blocks the tip leakage flow when such a
ring-type plasma actuator is used for tip leakage flow
control in a turbine rotor [26].
The ring-type plasma actuator can also be widely
applied to the active control of various rotating machines,
such as axial compressors, centrifugal compressors, radial
turbines, and labyrinth seals, for tip leakage flow reduction
and stall margin improvement.
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EXPERIMENTAL METHODS
Figure 2 shows the 500 mm x 200 mm x 200 mm test
section of a low-speed, open-circuit, blower-type system. A
metallic flat plate (10 mm thickness) was installed in the
test section of the wind tunnel with various tip clearance
sizes (0.6 mm - 2.4 mm) at the bottom end. As shown in
Fig. 3, a string-type plasma actuator array (140 mm x 140
mm) was attached to the acrylic bottom endwall as a twodimensional model of a ring-type plasma actuator. The
metallic wires coated with silicone rubber of the plasma
actuator run perpendicular to the metal plate. The plasma
actuator array was excited with quasi-rectangular
waveform from a power supply (HAPS-10B40, Matsusada
Precision Inc.). The metallic flat plate was connected to
ground, Vg = 0 V. The input voltage and frequency to the
string-type plasma actuator was changed in this study.
Generally, both an increase in voltage and an increase in
frequency result in stronger plasma generation.
For the flat plate experiments in a wind tunnel, the tip
leakage flow was forcibly induced at the tip clearance of
the flat plate. In order to avoid unstable operation of the
wind tunnel due to resistance of the air flow by the flat
plate, a slit for bypass flow was opened in the upstream
top wall of the test section, as shown in Fig. 2.
Particle image velocimetry (PIV) was used to obtain
two-dimensional velocity field near the plate tip clearance
regions (purple frame in Fig. 2), using a 25 mJ/pulse,
double-pulse Nd-YAG laser (MiniLase II, 20 Hz, New Wave
Research Co., Ltd.). The thickness of the laser sheet was
less than 1 mm. Atomized dioctyl sebacate (DOS) oil with a
mean particle diameter of 1 µm was injected upstream of
the test section, via a pressurized oil chamber. Image pairs
were taken by a camera (PIV CAM 13-8, TSI, Inc.) with
1,280 x 1,024 pixel resolution and a frame rate of 3.75 Hz.
TSI software calculated the velocity vectors from the peak
correlation of groups of particles between frames, using
conventional cross-correlation algorithms on a 32 x 32
pixel grid. In order to calculate the time-averaged velocity
distributions, 300 instantaneous velocity distributions were
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EXPERIMENTAL RESULTS AND DISCUSSION
Fundamental Mechanism of Tip Leakage Flow
Reduction by Plasma Actuator
Figure 4 shows the schematic drawing of the
fundamental mechanism of the tip leakage flow reduction by
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Figure 5. Time-averaged absolute velocity
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Figure 6. Absolute velocity distributions near tip
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(tip clearance size: 0.6 mm)

the plasma actuator [26]. Due to the plasma actuator
operation, the glow discharge plasma is formed between
the plasma actuator (metal wires coated with silicone
rubber) in the acrylic endwall and the tip of the metal flat
plate. The plasma induces the downward flow at each
edge of the inlet and outlet of the tip clearance, which

Absolute velocity U [m/s]
Figure 8. Absolute velocity distributions near tip

clearance exit of flat plate at x = 40.5 mm
(tip clearance size: 1.0 mm)

blocks the tip leakage flow.

Tip Clearance Size of 0.6 mm
Figure 5 shows the time-averaged absolute velocity
distributions near the tip clearance exit of the flat plate of x-z
plane (purple frame in Fig. 2) at the tip clearance size of 0.6
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mm. As shown in the no control (baseline) condition in Fig.
5(a), tip leakage flow is forcibly induced through the
operation of the wind tunnel. The maximum velocity of the
leakage flow at x = 5 mm is approximately 1.0 m/s. As
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Figure 9. Time-averaged absolute velocity

distributions near tip clearance exit of flat
plate at various DBD-PA input frequencies
at constant voltage, Vp-p = 12 kV
(tip clearance size: 1.0 mm)

shown in the plasma actuator on condition (input voltage Vp-p
= 10 kV, input frequency fp = 10 kHz) in Fig. 5(b),. the tip
leakage flow is dissipated by the plasma actuator operation.
Figure 6 shows the time-averaged absolute velocity
distributions near the tip clearance exit of the flat plate at x =
40.5 mm (red lines in Fig. 5). The peak of the absolute
velocity of the tip leakage flow is 82% reduced by the effect
of the plasma actuator. The flow behind the plate does not
go to zero completely because of the mixing and diffusing
effects of the induced flow by the plasma actuator (Fig. 4).
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Figure 12. Absolute velocity distributions near tip

clearance exit of flat plate at x = 40.5 mm
at various DBD-PA input frequencies
(tip clearance size: 1.4 mm)

Tip Clearance Size of 1.0 mm
Figure 7 shows the time-averaged absolute velocity
distributions near the tip clearance exit of the flat plate at
the tip clearance size of 1.0 mm. In Fig. 7(a), the maximum
velocity of the leakage flow at x = 10 mm is approximately
2.0 m/s. As shown in the plasma actuator on condition, Fig.
7(b),at the same input voltage and frequency condition (Vpp = 10 kV, fp = 10 kHz) at the smaller tip clearance size of
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Figure 11. Time-averaged absolute velocity

distributions near tip clearance exit of flat
plate (tip clearance size: 1.4 mm)
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0.6 mm in Fig. 5(b), the tip leakage flow is slightly reduced
by the plasma actuator operation, but the effect of the
plasma actuator is considerably smaller than that in Fig.
5(b).
Figure 8 shows the time-averaged absolute velocity
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Figure 13. Time-averaged absolute velocity

distributions near tip clearance exit of flat
plate at various DBD-PA input frequencies
at constant voltage, Vp-p = 15.5 kV
(tip clearance size: 1.8 mm)

distributions near the tip clearance exit of the flat plate at x =
40.5 mm (red lines in Fig. 7). The peak of the absolute
velocity of the tip leakage flow is only 10% reduced by the
effect of the plasma actuator.
The input voltage and input frequency are changed in
order to improve the plasma actuator effects. Figure 9
shows the time-averaged absolute velocity distributions at
increased input voltage (Vp-p = 12 kV) at various input
frequencies (fp = 2 kHz - 12 kHz) at the tip clearance size of
1.0 mm. The slight recuction of the peak absolute velocity
and the vertical diffusion of the tip leakage flow are observed
at the lower input frequencies (Figs. 9(b) and (c)). The tip
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Tip Clearance Size of 1.4 mm
Figure 11 shows the time-averaged absolute velocity
distributions at increased input voltage (Vp-p = 13 kV) at
various input frequencies (fp = 8 kHz - 12 kHz) at the tip
clearance size of 1.4 mm. Due to the increased tip
clearance size, the mass flow rate is increased, as shown
in Fig. 11(a). The tip leakage flow is gradually reduced at
the higher input frequencies, as shown in Figs. 11(b), (c),
(d).
Figure 12 shows the velocity distributions at x = 40.5
mm at Vp-p = 13 kV at various input frequencies (red lines
in Fig. 11). The tip leakage flow is diffused to the upper
direction and is reduced by the plasma actuator operation.
The peak velocity of the tip leakage flow is 82% reduced
by the effect of the plasma actuator at the maximum input
frequency, fp = 12 kHz.

Figure 15. Time-averaged absolute velocity

distributions near tip clearance exit of flat
plate (tip clearance size: 2.4 mm)

Vertical position z [mm]

leakage flow is gradually reduced through the active
control of the plasma actuator at the higher input
frequencies (Figs. 9(d), (e), (f), (g)). At the larger tip
clearance size, the higher input voltage is required in order
to increase the effect of the plasma actuator.
Figure 10 shows the velocity distributions at x = 40.5
mm at the increased input voltage Vp-p = 12 kV at various
input frequencies (red lines in Fig. 9). The peak of the
absolute velocity of the tip leakage flow is 89% reduced by
the effect of the plasma actuator at the maximum input
frequency, fp = 12 kHz.
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Figure 16. Absolute velocity distributions near tip

clearance exit of flat plate at x = 40.5 mm
(tip clearance size: 2.4 mm)

Tip Clearance Size of 1.8 mm
Figure 13 shows the time-averaged absolute velocity
distributions at increased input voltage (Vp-p = 15.5 kV) at
various input frequencies (fp = 2 kHz - 12 kHz) at the larger
tip clearance size of 1.8 mm. The slight increase in the

peak velocity and the large flow diffusion to the upper
direction are observed at the lowest input frequencies (fp = 2
kHz), as shown in Fig. 13(b). The tip leakage flow is
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gradually reduced at the higher input frequencies, as
shown in Figs. 13(d) - (g).
Figure 14 shows the velocity distributions at x = 40.5
mm at Vp-p = 15.5 kV at various input frequencies (red lines
in Fig. 13). At the lowest frequencies (fp = 2 kHz), the peak
veclocity is 8% increased and the tip leakage flow is
diffused to the upper direction. At the highest frequencies
(fp = 12 kHz), The peak velocity of the tip leakage flow is
55% reduced by the effect of the plasma actuator.

Tip Clearance Size of 2.4 mm
Figure 15 shows the time-averaged absolute velocity
distributions at increased input voltage (Vp-p = 17 kV) at the
largest tip clearance size of 2.4 mm. The reduction of the
peak velocity and the flow diffusion to the upper direction
are observed at the plasma actuator operation (fp = 10
kHz), as shown in Fig. 15(b).
Figure 16 shows the velocity distributions at x = 40.5
mm (red lines in Fig. 15) at Vp-p = 17 kV at the tip clearance
size of 2.4 mm. The peak velocity of the tip leakage flow at
Vp-p = 17 kV and fp = 10 kHz is only 38% reduced by the
effect of the plasma actuator.

CONCLUSIONS
Ring-type dielectric barrier discharge (DBD) plasma
actuators have been developed for active control of the tip
leakage flow in a turbine rotor. Here, the ring-type plasma
actuators consisted of metallic wires coated with insulation
material, mounted in an insulator embedded in the tip
casing wall. For the fundamental experiments involving a
flat plate with tip clearance, the two-dimensional velocity
fields near the plate and blade tip regions were measured
using particle image velocimetry (PIV). In this study, effects
of the tip clearance size of the flat plate were examined at
different tip clearance sizes from 0.6 mm to 2.4 mm in a
wind tunnel at low tip leakage velocity conditions of 1 m/s 2 m/s.. The input voltage and frequency were varied in the
ranges between 10 kV and 17 kV, 2 kHz and 12 kHz,
respectively.
The forcibly-induced tip leakage flow was easily
dissipated at smaller tip clearance size (0.6 mm and 1.0
mm) by applying relatively smaller input voltage. The larger
tip clearance size requires the higher applied voltage and
frequency in order to reduce the tip leakage flow. At larger
tip clearance of 1.8 mm, the mass flow rate of the tip
leakage flow is increased and the flow diffusion is
observed at the low frequency operation, 2 kHz. At the
largest tip clearance of 2.4 mm, the peak velocity of the tip
leakage flow is 38% reduced by the effect of the plasma
actuator of the input voltage of 17 kV and frequency of 10
kHz.
The flow velocity and pressure gradient of actual
turbines are much higher than those of the low-speed flat
plate experiments in this research. In general, the tip
leakage flow reduction in the higher-speed condition
demands more electric power. Higher-speed experiments
and optimizations of the plasma actuator operation
methods are required.
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