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In order to reduce dynamic loss and improve the performance of low-pressure turbines, the technology
of active flow control of a dielectric barrier discharge plasma actuator was used to control the internal
flow of a low-pressure turbine using a numerical simulation method. In this paper, the effect of plasma
actuation on the cascade flow field with different actuator positions and applied voltages was studied.
The results show that the closer the plasma actuator is to the leading edge of the cascade, the better
the control effect of the plasma actuation. When the actuator is aligned with the leading edge of the
cascade, the total pressure loss at the outlet is reduced by 4.5%. Plasma actuation has a greater ability
to restrain outlet loss at higher voltage, but the control effect tends to saturation as the applied voltage
increases. Total pressure loss is reduced by 8.2% for Uy = 15 kV. The plasma actuation decreases the
lateral pressure gradient in the cascade passage thus suppresses the lateral movement of low energy
fluids from the pressure side to the suction side. The height of the passage vortex and total pressure
loss are restrained, which is an important reason for decreasing outlet loss.
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1. Introduction

The aeroengine is the heart of the aircraft and
it is of great importance in terms of the national
security strategy. In order to improve the efficiency
of thermal cycle and unit thrust of the engine, high
efficiency, low maintenance cost, and other design
technologies are commonly used in turbines [1, 2].
However, when the aircraft cruises at high altitude,
the Reynolds number decreases sharply due to the
significant reduction of air density. Especially in the
case of high-load low-pressure turbines, the inter-
nal lateral pressure gradient and the reverse pres-
sure are stronger. Profile loss and secondary flow
loss are aggravated, the aerodynamic performance
of low-pressure turbines deteriorates. Therefore, the
complex flow in low-pressure turbines has always at-
tracted great attention of researchers [3-5].

Marks et al. [6-8] carried out many experimental
studies on losses of high-load low-pressure turbines.
The results showed that boundary layer separation
affects the performance of a low-pressure turbine
at a low Reynolds number. As the Reynolds num-
ber decreases, the total pressure loss will increase
rapidly due to the separation of the boundary layer.
In addition, incoming turbulence also affects the
separation and transition process of the boundary
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layer and the total pressure loss. The lower the
Reynolds number, the more likely the boundary
layer separation will occur. This would change the
flow state of the boundary layer on the suction sur-
face and further affect the blade profile loss and
secondary flow loss.

To reduce the total pressure loss and restrain
boundary layer separation, researchers are using ac-
tive and passive control methods to control the in-
ternal flow of low-pressure turbines. However, pas-
sive control cannot match all the working condi-
tions of a low-pressure turbine. Changing the work-
ing conditions of low-pressure turbines often pro-
duces unnecessary losses. Some active flow control
techniques, such as air suction, steady jet blowing,
and pulsed jet blowing, overcome the shortcomings
of passive flow control. On the other hand, they
probably bring more additional weight and make
the engine structure more complex. Dielectric bar-
rier discharge (DBD) plasma actuation is a new ac-
tive flow control technology based on plasma aero-
dynamic actuation, which is mainly used to reduce
the drag of supersonic vehicles.

In recent decades, research of discharge plasma
has gradually developed. Audier et al. [9, 10] de-
scribed the variation of ionic wind with time, and
the dynamics when the discharge is switched on.
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They found that breakdown streamers play an im-
portant role in the ionic wind hydrodynamics. Due
to the existence of breakdown streamers, the fre-
quency of the pulsed ionic produced by the positive
corona discharge corresponds to the frequency of
the current pulses. Bartnik et al. [11] investigated
the effect of low-temperature plasma induced by ex-
treme ultraviolet on surface modification. The re-
sults showed that the molecular structure of the ex-
posed material is modified under the dual action
of radiation pulses and low temperature plasma.
Babij et al. [12]| studied the application of the at-
mospheric pressure plasma on mass spectrometry.
They showed that the atmospheric pressure plasma
has many advantage over low pressure plasma in
various aspects, and that the cold plasma is of
great promise in application (industry, medicine,
biology). Pereira et al. [13, 14] carried out experi-
ments to study the identifying cross-talk effects be-
tween DBD plasma actuators that are arranged in
the boundary layer and the external flow. The re-
sults showed that the power consumption did not
change with the flow velocity. However, as the free
stream velocities increase, the plasma light emis-
sion tends to increase in intensity. Based on in-
duced actuator perturbation, a methodology was
provided [13, 14] to derive a local frequency re-
sponse of flow when the actuator is turned on. In
order to study the power characteristics of surface
dielectric barrier discharge, Xu et al. [15, 16] de-
veloped a physics-based SDBD power model that
can be used to accurately calculate the power of ac-
tuators of various geometries and materials. Many
experiments have been carried out by these authors
in which it was demonstrated that the DBD en-
hanced electroaerodynamic (EAD) propulsion de-
vice has lower power consumption and can increase
the endurance of EAD aircraft. Im et al. [17, 1§]
studied the effect of a turbulent boundary layer ac-
tuation in a supersonic flow. The results showed
that the actuation effect of the turbulent bound-
ary layer obviously makes the boundary layer thin-
ner. Matsunuma et al. [19] applied discharge plasma
to control tip clearance leakage flow. The mech-
anism of plasma control of leakage flow has been
found to improve the axial momentum of tip clear-
ance flow. The plasma actuation also has a good
effect on reducing the boundary layer drag. Mah-
foze et al. [20] used the plasma actuator to generate
a jet to control a coherent structure in a turbulent
boundary layer, and the drag was reduced by 33.5%.
The plasma actuation is also used to control bound-
ary layer separation. Zhang et al. [21] used large
eddy simulation (LES) to study the control effect
of plasma actuation on boundary layer flow. It was
found that plasma actuation located in the bound-
ary layer can induce a small-scale spanwise vortex in
the flow field, which developed downstream driven
by the mainstream to form the wall jet. It could
restrain the flow mixing in the turbulent bound-
ary layer and reduce the total pressure loss in the
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boundary layer. Pescini et al. [22, 23] made curved
wall profiles to simulate the suction surface of low-
pressure turbine blades on a flat plate and carried
out many experiments on the effect of plasma ac-
tuation on the boundary layer separation. The re-
sults showed that the reverse pressure area along
the curved wall is separated without actuation. In
addition, there was a large area of high turbulent
kinetic energy at the junction of the mainstream
and the separated area. The plasma actuation re-
duced the extension of the separation area and the
magnitude of negative flow velocity.

As a new active flow control technology, dielec-
tric barrier discharge plasma actuation flow con-
trol overcomes the drawbacks of passive flow con-
trol. This technology has been applied in many
fields due to its simple structure, quick reaction,
and low energy consumption. In this paper, plasma
actuation is applied to control the internal flow
of a low-pressure turbine. The optimal position of
the plasma actuator was selected through numeri-
cal simulation. At the optimal position, the effect of
plasma actuation with different applied voltage on
the cascade flow field was investigated. The mech-
anism of plasma actuation on the internal flow of
a low-pressure turbine is shown. It enriches the flow
control theory aimed to reduce the dynamic loss
and provide a theoretical basis for the optimization
of low-pressure turbines.

2. Numerical simulation method

In this paper, Fig. 1 shows the grid distribution of
the end wall of the T106A cascade and a magnifica-
tion of the grid around the leading edge and trailing
edge. The red part of the figure shows the position
of the plasma actuator. All cases use the same grid,
the inlet boundary is 1.0C,, from the leading edge
of the cascade (C,, is the axial chord length), and
the outlet boundary is 1.4C,,, from the trailing edge
of the cascade. Since the flow field structures of the
upper and lower half of the cascade are nearly sym-
metrical, it is assumed that the boundary condition
of 50%H (H is the blade height) section is symme-
try. The lower half of the cascade is selected as the
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Fig. 2. Static pressure coefficient at 50%H .

computational domain. In order to get more details
of the flow field and to improve the calculation accu-
racy, 127 nodes are arranged in the circumferential
direction, 938 nodes in the flow direction, and 100
nodes in the spanwise direction. The grid number of
the whole computational domain is about 4 million.

It is assumed that the inflow conditions of all
considered cases are the same. The Reynolds num-
bers (Regt) of all cases are outlet Reynolds num-
bers according to the isentropic expansion process,
thus Regy, = 0.6 x 10°. The outlet Mach number
is Mag = 0.4. The inlet turbulence is set to 0.5%.
It can be assumed that the relative velocity be-
tween the wall and the air flow on the wall is
zero, so the boundary condition of the cascade sur-
face and the end wall are assumed to be non-slip
walls. The calculation results are compared with the
experimental [24] and direct numerical simulation
(DNS) [25, 26] data. The static pressure coeflicient
of the cascade can directly reflect the pressure dis-
tribution and is an important parameter to study
the evolution of the boundary layer. The distribu-
tion of the static pressure coefficient on the surface
of the cascade at 50%H (H is the cascade height)
is shown in Fig. 2. The static pressure coeflicient is
defined as

P—Dp2

Cr Pe1— D2 1)
Here, p is the static pressure on the cascade surface,
p¢1 1is the total pressure at the inlet, py is the static
pressure at the outlet. From the data comparison, it
can be seen that the calculated results are in good
agreement with the experimental data and the DNS
data.

The phenomenological model of the plasma ac-
tuator is shown in Fig. 3. Two electrodes are ar-
ranged asymmetrically, i.e., one is exposed to air
and the other is encapsulated in an insulating
medium. When the applied voltage is higher than
the breakdown threshold, the air between the two
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Fig. 4. The induced velocity of plasma actuation
at different positions.

electrode plates will be ionized. Since the duration
of this process is very short, around a few nanosec-
onds, it can be assumed that when the plasma actu-
ator is turned on, the action of plasma will be gener-
ated immediately. According to the theory of Shyy
et al. [27], ignoring the chemical reaction and the
electric field force, the action of plasma is simplified
as the volume force. The inductive effect is to move
the surrounding air to the side of the encapsulated
electrode, forming a wall jet. It is assumed that the
volume force exists only in the region of OAB. The
electric field strength at the O point is Ey = Uy/I,
Up is the maximum voltage applied between the
two electrodes, and 0.25 mm. The electric
field strength decreases linearly with increasing dis-
tance from O point, and the electric field strength
in the OAB region is £ = Eg — kix — koy. The
breakdown threshold of the electric field strength is
E, = 30 kV/cm, the electric field strength in the
directions = and y, respectively, is as follows
ko

—= _F
VK + k3

(2)

x

and

F,=——F 3
V=R )
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Fig. 6. Distribution of total pressure loss coeffi-
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direction.

Here7 ki = (EO - Eb)/ba ky = (EO - Eb)/a7
a = 0.0015 m, b = 0.003 m. Thus, the volume force
components of the electric field in z and y directions
are, respectively,

F, =peeE, f At
and

F, = p.eE, fAt. (5)
Here, f is the power frequency, e is the elemen-
tary charge, and the electron number density is
pe = 1 x 10'" m~3. The plasma discharge time in
the excitation cycle of AC power is At = 67 us.

Figure 4 shows the induced velocity of plasma
actuation at various positions. The plasma-induced
flow field results with the incoming flow of 5 m/s
and the loading voltage of 5 kV are compared to
those given by Shyy [27] (Uy.y is the velocity of the
incoming flow). As can be seen in Fig. 4, the induc-
tion velocity and disturbance range of this model
are in good agreement with the results given in [27].
Therefore, the accuracy of the phenomenological
model has been verified.

(4)
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3. Effects of plasma actuation
with different actuator positions
on the cascade end wall

In order to determine the optimal position of the
plasma actuator upstream of the cascade, the effect
of plasma actuation at different positions when the
applied voltage is 5 kV is studied. the installation
distance between the actuator and the leading edge
of the cascade is d. The plasma actuator is aligned
with the leading edge of the cascade when d = 0.
Figure 5 shows the change rate of the average total
pressure loss () at the outlet.

Figure 6 shows the distribution of the span-
wise average total pressure loss coefficient (£2) at
the outlet of the cascade along the circumferential
direction. This coefficient is defined as

0= Pe1 — Ptz. (6)
b1 — P2
Here, p;o is the local total pressure. The circumfer-
ential dimension is normalized based on the pitch-
wise direction size. The pressure side is represented
by y* = 0 and the suction side is represented by
y* =1

As can be seen in Fig. 5, the total pressure loss at
the outlet reduced under the influence of the plasma
actuation. The change rate of the total pressure
loss is inversely proportional to the installation dis-
tance. This means that as the installation distance
decreases, the total pressure loss at the outlet de-
creases as well. When the actuator is aligned with
the leading edge of the cascade, the change rate of
the total pressure loss at the outlet is 4.5%. Figure 6
shows the distribution of the total pressure loss co-
efficient at the outlet 50%H along the circumfer-
ential direction. The phenomenon shown in Fig. 6
is generally consistent with Fig. 5. In the cases of
plasma actuation, the total pressure loss decreases
along the major circumferential direction. The peak
value of the total pressure loss coefficient appears
near y* = 0.45, the effect of plasma actuation is
more significant in this position. When the actua-
tor is aligned with the leading edge of the cascade,
the peak total pressure loss coeflicient is reduced by
16.7%. In addition, the change of the peak point is
also very obvious. As the installation distance de-
creases, the peak point gradually moves towards the
suction side. The position of the whole loss curve
also moves with it. It is inferred that under the con-
dition of low Reynolds number, the plasma actua-
tion changes the outlet airflow angle. Thus, it ad-
ditionally affected the loss area distribution of the
cascade flow field. In conclusion, the closer the actu-
ator is to the leading edge of the cascade, the better
the control effect of plasma actuation is. Therefore,
it is necessary to continue the research at d = 0. In
the following, the actuate intensity of the actuation
will be adjusted by changing the applied voltage,
and the effect of plasma actuation with different
applied voltages at the position of d = 0 on the
cascade flow field will be studied.
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4. Effects of plasma actuation with
different applied voltage

Figure 7 shows the static pressure coeflicient of
the cascade surface under different applied voltages
when the plasma is aligned with the leading edge
of the cascade. It can be seen at 5%H in Fig. Ta
that the static pressure coefficient in the front half
of the suction surface decreases in a small range
in the case of plasma actuation. The greater the
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Fig. 7. Static pressure coefficient of cascade sur-
face under different applied voltage, i.e., (a) 5%H,
(b) 10%H, (c) 20%H.
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Fig. 8. Average total pressure loss coefficient at

different streamwise positions.

applied voltage is, the greater the decrease is. The
reason for this phenomenon is that the actuator in-
jects more momentum into the air, making it dif-
ficult for low-energy air to gather here, resulting
in a decrease in the static pressure coefficient. In
the rear half of the suction surface, the static pres-
sure coefficient increases to different degree in the
range of 0.55-0.85C),,,. The higher the applied volt-
age is, the larger the static pressure coefficient is.
The reduction of the lateral pressure between the
blades can effectively restrain the secondary flow
movement in the cascade passage. With the applied
voltage increasing from 0 to 15 kV, the maximum
variation of the static pressure coefficient is 27%.
After 0.85C,,, the static pressure coefficient of the
suction surface with actuation is smaller than that
without actuation, but the discrepancy of actuation
effect under different applied voltage is reduced.

In Fig. 7b, the plasma actuation mainly affects
the pressure at the rear of the suction surface at
10%H. The actuation effect is very weak in the
region above 10%H. The cascade surface pressure
does not change with the exception for the area near
the trailing edge. It is inferred that the influence
of plasma actuation on the pressure distribution is
mainly concentrated in the region below 10%H. The
actuation effect on the pressure surface is very weak.
The increase of the static pressure coeflicient of the
suction side reduces the lateral pressure in the cas-
cade passage, thus restraining the lateral movement
of the passage vortex from the pressure side to the
suction side. Moreover, it suppresses the intensity
of the secondary flow in the end region and reduces
the total pressure loss of the cascade.

The average total pressure loss coefficient at var-
ious streamwise positions and the change rate of
the average total pressure loss with different ap-
plied voltages at the outlet are shown in Figs. 8
and 9, respectively. The total pressure loss decreases
from the leading edge to 1.25C,,,. of the cascade with
the increase of applied voltages (see Fig. 8). At any
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streamwise position, the larger the applied voltage
is, the larger the amplitude of total pressure loss re-
duction. The discrepancy of the total pressure loss
reduction in different cases gradually reduces with
the increase of the applied voltages. However, at dif-
ferent streamwise positions, the magnitude of total
pressure loss reduction decreases along the stream-
wise direction. Up to the outlet, as shown in Fig. 9,
the total pressure loss is reduced by 8.2% in the case
of Uy = 15 kV. The plasma actuation has a strong
ability to restrain the outlet loss, but the control
effect tends to saturation at higher applied voltage.
The circumferential average total pressure loss co-
efficient at 1.0C,, section and the outlet along the
spanwise direction in the cases of different applied
voltages are shown in Fig. 10. The total pressure
loss coefficient below 8%H is reduced due to the
plasma actuation on the end wall (see Fig. 10a).
The peak point of total pressure loss in all cases
locates in the range of 8-14%H. The plasma ac-
tuation changes the location of the peak point of
total pressure loss so that it is closer to the end
wall. After the air flows from the trailing edge to
the outlet, the location of the peak point of total
pressure loss rises continuously. But peak value of
the total pressure loss decreases. It indicates that
the intensity of the passage vortex keeps weaken-
ing as it develops downstream of the cascade. The
plasma actuation has a strong reduction effect on
the total pressure loss (see Fig. 10b). At the case of
Up = 5 kV, the passage vortex loss area is obviously
divided into two smaller loss areas. The trend of loss
reduction has begun to emerge. With the increase
of the applied voltage, the two small loss areas are
combined again. But the total pressure loss in this
area is lower than that without plasma actuation.
The total pressure loss coefficient at different
heights of the outlet along the circumferential di-
rection is shown in Fig. 11. In Fig. 11(a) and b,
the peak value of the total pressure loss increases
slightly in the cases of plasma actuation below
10%H. This means that the plasma actuation does
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loss coefficient on different flow direction sections,
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not reduce the total pressure loss anywhere in the
flow field. In turn, in Fig. 11c and d, the plasma
actuation has a positive control effect on the flow
field above 20%H . The peak value of the total pres-
sure loss was greatly reduced and decreased non-
linearly with the increase of the applied voltage at
20%H . The maximum reduction is 25% in the case
of Uy = 15 kV. The total pressure loss at the outlet
increases at first and then decreases along the span-
wise direction. The total pressure loss is higher at
20%H, and the effect of plasma actuation is also
stronger near this region, which significantly re-
duces the peak value of total pressure loss. Note that
the location of the peak point of the total pressure
loss is closer to the suction side. It can be inferred
that the outlet flow angle is changed by plasma ac-
tuation, the wake downstream of the cascade moves
to the suction side. In addition, although the plasma
actuation increases the total pressure loss below
10%H, it has a positive control effect in other larger
areas (above 20%H). As shown in Fig. 9, the aver-
age total pressure loss at the outlet is significantly
reduced.

The total pressure loss coefficients at different
streamwise sections under different applied voltages
are given in Fig. 12. Starting from the leading edge
of the cascade, under the action of lateral pres-
sure in the cascade passage, the pressure side leg



Active Flow Control of Low-Pressure Turbine by Dielectric. . .

05r U,=0kV (b)
- — — — U/5kV
[ e U,=10kV
0.4 e i n—n I/’(,:ISkV
0.3F
G

0.5 Uy=0kV (a)
- — = = Uy=5kV
[ =e=ssass Uy=10kV
s Uy=15kV
0.3F
G
0.2F

0.5 U=0kV (©)
- — — = Up=5kV
F === Uy=10kV
o . - Uy=15kV

051 Uy=0kV (d)
—— - = UgSkV
— U=10kV
04F e Upm15kY

Fig. 11.
i.e., (a) 5%H, (b) 10%H, (c) 20%H, (d) 50%H.

of the horseshoe vortex moves to the suction side
and the trailing edge of the cascade. In the pro-
cess of flow, more and more low-energy fluid gath-
ers towards the corner region of the suction side.
At the 50%C,, position, the fluid reached the suc-
tion surface and rolled up. It then converges with
the suction side leg of the horseshoe vortex, forming
a passage vortex. Then, the passage vortex rises and
expands along the streamwise direction, the area of
the high loss region also increases. In the cases of
plasma actuation, the area of the high loss region
near the leading edge is greatly reduced, so that
the intensity of the pressure side leg of the horse-
shoe vortex is obviously restrained. In addition, the
reduction of the lateral pressure in the cascade pas-
sage was also taken into account, the intensity of
the passage vortex was suppressed.

It should be noted that the high loss region near
the boundary layer at the back of the suction surface
extends towards the end wall with the weakening of
the passage vortex (see Fig. 12m-p). Nevertheless,
as shown in Fig. 9, the average total pressure loss
on the entire section decreases compared to the case
without plasma actuation.

The three-dimensional streamlines of the end
zone and limit streamlines of the cascade are given
in Fig. 13. In Fig. 13a and b, some low energy air
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Total pressure loss coefficient at different heights of the outlet along the circumferential direction,

with a greater viscosity of the air at a low Reynolds
number is attached to the end wall. The suction
side leg of the horseshoe vortex rises rapidly af-
ter entering the cascade passage. It then converges
with the pressure side leg of horseshoe vortex, form-
ing a strong passage vortex. With the involvement
of more low-energy air, the passage vortex contin-
ues to grow along the streamwise direction. The
three-dimensional separation of suction surface in-
flow and separation bubbles appears at SL;. There
is a strong interference between the passage vortex
and the separation bubble at the rear of the suction
surface which restrains the extending of recircula-
tion region to the end wall. At the same time, the
existence of the separation bubble also blocks the
passage vortex from climbing upward (at SLs). In
Fig. 13c and d, the suction side leg of the horse-
shoe vortex rises slightly after entering the cascade
passage, so that the height of the passage vortex de-
creases. The separation lines SL; and SL, move to
the end wall. According to the analysis above, the
intensity of the passage vortex and total pressure
loss are reduced. In addition, with the weakening
of the passage vortex, the interference between the
passage vortex and the separation bubble becomes
weaker. The recirculation region reappears between
the passage vortex and the suction surface.
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Fig. 12. The total pressure loss coefficients at different flow direction sections, i.e., (a) clean, 10%Cyz, (b)
5 kV, 10%Cqq, (¢) 10 kV, 10%Claz, (d) 15 kV, 10%Cas, (e) clean, 25%Cqs, (f) 5 kV, 25%Cos, (g) 10 kV,
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(m) clean, 75%Caz, (n) 5 kV, 75%Caz, (0) 10 kV, 75%Caz, (p) 15 kV, 75%Clz, (q) clean, 100%Caz, (r) 5 kV,
100%Caz, (5) 10 KV, 100%Caz, (t) 15 KV, 100%Clas.

Fig. 13. Three-dimensional streamline of the end area and limit streamline of the suction surface. (a) Three-
dimensional streamline of the end area, 0 kV. (b) The limit streamline of the suction surface, 0 kV. (c)
Three-dimensional streamline of the end area, 15 kV. (d) Limit streamline of the suction surface, 15 kV.
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5. Conclusion

In this paper, a three-dimensional computational
domain model and a transition SST turbulence
model are adopted. The effect of plasma actuation
on the cascade flow field at different actuator posi-
tions and applied voltages was studied. The results

show

1.

This

that

The closer the plasma actuator is to the lead-
ing edge of the cascade, the better the control
effect of the plasma actuation. When the ac-
tuator is aligned with the leading edge of the
cascade, the total pressure loss at the outlet
is reduced by 4.5%.

. Plasma actuation has a stronger ability to re-

strain the outlet loss at higher voltage, but the
control effect tends to saturate when the ap-
plied voltage increases. The total pressure loss
is reduced by 8.2% in the case of Uy = 15 kV.

. Plasma actuation decreases the lateral pres-

sure gradient in the cascade passage, thus sup-
pressing the lateral movement of low-energy
fluids from the pressure side to the suction
side. The height of the passage vortex and
the total pressure loss are restrained, which is
an important reason for the decrease of outlet
loss.
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