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ABSTRACT
In this paper plasma actuators aremodelled on turbomachinery blades with the aim to influence steady blade loads in the

transonic flow regime. Plasma actuators are able to induce forces into the flow field and thereby alter flow velocities, static
pressure distributions and blade forces. To identify suitable flow cases for possible future vibration and flutter control the
aeroelastic behaviour of the NASA Rotor 67 with respect to aeroelastic damping is assessed for several operational speeds
and throttling settings. The flow field is calculated with unsteady 3D computational fluid dynamics (CFD) simulations,
namely URANS equations are solved. A plasma actuation model is used to compute the actuation forces. The model
calculates the electrical potential and the electrical charge density by solving Poisson equations. This model is applied on
the blade suction surface of the NASA Rotor 67. The actuation forces are realized in the CFD calculations by adding a
source term to the momentum equations. The influence of plasma actuation is assessed in terms of the change of modal
forces of the first three eigenmodes.

INTRODUCTION
One of the main current goals of engine design is to increase efficiency and thereby reduce greenhouse gas emissions.

One way to achieve this is to reduce weight by decrease the number of stages in the compressor. In order to maintain
the required pressure build-up, the individual compressor stages are aerodynamically loaded more strongly. This leads
increasingly to aerodynamic instabilities, such as separation in a part or over the entire blade flow. Natural consequences
are increasing risk of fatigue and flutter. Degradations in aerodynamic and aerostructural response are also encountered on
engines with pressure gain combustion integration (de Almeida and Peitsch, 2018) (such as pulsed or rotating detonation),
currently under study. One approach to tackle these aeroelastic challenges is to use active flow control. Therefore, one
measures occurring vibrations and counteracts with a suitable actuation. With the aim to improve the aeroelastic behaviour
of turbomachinery blades, acoustic- or piezoelectric actuators have been used by several authors (Watanabe et al., 2008;
Banaszuk, Gysling and Rey, 2002; Banaszuk, Rey and Gysling, 2002; Rey et al., 2003; Lu et al., 2002; Nagai, 1998).
Synthetic jet actuators were used by (Breuker et al., 2008) to improve the force response behaviour of a airfoil section. There
are challenges and limitations for these actuation technologies which plasma actuators might overcome. Plasma actuators
are especially promising due to their lightness and fast response (Giorgi et al., 2014), (Roupassov et al., 2009). For a brief
discussion of the practical implementation of plasma actuators in turbomachinery blades, see (Motta et al., 2018b). This
relatively new actuator technology gained increasing interest in the research community in recent years (Wang et al., 2013).
They consist of two electrodes separated by a dielectric layer. One of them is in contact with the flow and the other one is
embedded into the structure at a small distance from the surface. A high voltage is applied to the electrodes, which ionises
the surrounding air and thus enables a force to be induced to the flow. It was shown numerically that plasma actuators may
be successfully employed to reduce vibration (Motta, Malzacher, Neumann and Peitsch, 2017; Motta et al., 2018a) and to
enlarge the flutter boundaries (Motta, Malzacher and Peitsch, 2017; Motta et al., 2018b) on a linear compressor cascade for
subsonic speeds. It is also worth noting that state-of-the-art plasma actuators are found to be effective even in transonic
flows, encountered in aero engine compressors. In particular, Saddoughi et al. (Saddoughi et al., 2014) showed that plasma
actuators are capable to act effectively on the flow field in transonic flow conditions. Improvements in the stall margin up
to 4% in a transonic compressor stage were achieved in (Saddoughi et al., 2014). In the present paper the aim is to assess
numerically the effect of plasma actuators to manipulate decisive aeroelastic blade loads in the transonic flow regime. This
is studied for the transonic NASA Rotor 67 with the plasma actuation model of Suzen (Suzen et al., 2005).
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NASA ROTOR 67
The test case to study the influence of plasma actuation is the transonic NASA Rotor 67. (Strazisar and Wood, 1989)

gives detailed geometry information and provides experimental velocity data. The rotor consists of 22 blades with a design
speed of 16043 rpm and a design pressure ratio of 1.63 at a mass flow of 33.25 kg/s. The resulting tip speed is 429m/s with
an inlet tip relative Mach number of 1.38. Between the blade tip and the shroud is a 1mm gap. (Strazisar and Wood, 1989).
The meridional view of the NASA Rotor 67 is shown in figure 1 and important rotor parameters are presented in table 1.

Parameter Value
blades 22
design shaft speed 16043 rpm
inlet tip relative Mach number 1.63
design mass flow 33.25 kg/s
radius of shroud at aero station 1 25.7 cm
radius of hub at aero station 1 9.1 cm
radius of shroud at aero station 2 24.4 cm
radius of hub at aero station 2 12.0 cm
Tt at inlet 288.15K
mass averaged pt at Inlet 100900 Pa

Table 1 NASA Rotor 67 parameter
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Figure 1 Meridional view of NASA Rotor 67 (Strazisar and
Wood, 1989)

STRUCTURAL DYNAMICS ANALYSIS
To determine the aeroelastic behaviour of turbomachinery bladings it is necessary to compute the eigenmodes of the

rotor. The eigenmodes are calculated with the FEM program ANSYS Mechanical. High disc stiffness is assumed, so
that blade eigenmodes do not change for different nodal diameters, which is in accordance with (Iseni et al., 2016) for the
NASA Rotor 67. Consequently, one blade, fixed on the hub, is modelled for the structural dynamics analysis. The FEM
calculations are carried out with material data of the titanium alloy Ti-6Al-4V. In detail the Young’s modulus is 113.8GPa,
Poisson’s ratio 0.342 and density is 4430 kg/m3. The eigenmodes are computed considering the prestresses due to static
aerodynamic loads as well as centrifugal forces. A mesh independency study was carried to ensure a sufficiently resolved
mesh. The resulting first 3 eigenmodes are depicted in figure 2.

(a) Eigenmode 1 (b) Eigenmode 2 (c) Eigenmode 3

Figure 2 Eigenmode 1 to 3 of NASA Rotor 67 at 100% design speed

Unstable aeroelastic behaviour is prone to occur in the transonic part speed region close to surge, namely transonic stall
flutter (Sanders et al., 2004; Zhang et al., 2012; Iseni et al., 2018). Therefore, rotor speeds of 70% and 80% of design shaft
speed are chosen as further operational speeds. The static deformation with the change of rotational speed due to changes
of centrifugal and static pressure loads is significant and the deformed geometry for 70% and 80% needs to be calculated.

2



The geometry for part speed is calculated by resolving the cold geometry for the standing rotor first and in the following
resolving the static deformation for part speed. Since the pressure loads and centrifugal loads for 100% design speed are
known with the help of FEM and CFD calculations and the structural static deformation is still in the linear regime, it is
possible to resolve the cold geometry (standing rotor). The change of the acting forces due to the static deformation is taken
into account. The resulting eigenfrequencies for the 3 shaft speeds are summarized in table 2. For brevity reasons, the
eigenmodes at part speed are not depicted, being also very similar to the 100% design speed case.

100% design shaft speed 80% design shaft speed 70% design shaft speed
eigenfrequency mode 1 [Hz] 539 490 468
eigenfrequency mode 2 [Hz] 1240 1172 1143
eigenfrequency mode 3 [Hz] 1801 1785 1778

Table 2 Eigenfrequencies

COMPUTATIONAL FLUID DYNAMICS ASSESSMENTS
CFD simulations are used to compute the flow field of the NASA Rotor 67. The system of unsteady, Reynolds-

averaged Navier-Stokes (URANS) equations is closed with the SST k-ω turbulence model. The flow is modelled as fully
turbulent. The finite volume solver of Ansys CFX was used. Advection terms are solved with a high resolution scheme. To
resolve boundary layers, the mesh is refined at the hub, shroud and blade surface employing a maximum y+ value below
1.6. The tip gap of 1mm is modelled and the mesh is refined in this area. Total pressure distribution as inlet boundary
and mass flow as outlet boundary conditions are employed. To determine whether mesh independency is achieved, the
Grid Convergence Index (GCI) is used for the design speed and peak efficiency condition. Here, based on the solutions of
different refined meshes, extrapolated values are computed, which are used as reference values for percentual deviations at
different refinement levels. The work of (Roache et al., 1986) and (Freitas, 1993) provides further information about the
GCI Index. Mesh elements and resulting GCI values for 3 tested meshed are shown in tables 3 and 4. All GCI values are
small. The reference mesh is selected to achieve very low uncertainties, reflected by GCI values below 1%.

grid Elements
coarse 0.7mio
ref 1.4mio
fine 3.6mio

Table 3 Mesh elements

grid GCI pt GCI Tt
coarse/ref 1.54% 0.49%
ref/fine 0.47% 0.16%

Table 4 Grid Convergence Index for pt and Tt

The CFD results for design shaft speed are validated with experimental data provided by Strazisar et al. (Strazisar
and Wood, 1989). The CFD total pressure ratio curve in figure 3 agrees reasonably well with the experimental data. The
isentropic efficiency from the measurements shows a spike efficiency for two measured operational points close to 99%
choking mass flow (ṁchoke). This could not be reproduced in any numerical computation known to the author, for example
(Jennions and Turner, 1993),(Doi and Alonso, 2002), (Liou and Yao, 2014), (Culver and Liu, 2009), (Iseni et al., 2016).
The isentropic efficiency agrees well for the other simulated massflows.
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Figure 3 Isentropic efficiency and total pressure rise at 100% design speed

3



PLASMA ACTUATION MODEL
This section explains the plasma actuation model. Plasma actuators consist of two electrodes separated by a dielectric

layer, one at the surface, exposed to the flow, the other embedded in the structure. A high voltage is applied on the electrodes
which results in the ionization of air in close proximity. Momentum induced via electric forces acting on ions are furthermore
passed to neutral molecules by collision. These so called dielectric barrier discharge (DBD) plasma actuators have a wide
variety of different designs. Operation with DC results in a limited actuation. AC operation is common to allow continuous
periodic actuation. Acting forces during the positive and negative charge cycle induce forces in the same direction, with
different strength. The pattern of electrode placement allows further to induce wall parallel or normal jets or the generation
of vortices. In the present case an AC DBD actuator is modelled with the aim to induce momentum in the boundary layer
in streamwise direction. To compute the actuation forces the numerical model of (Suzen et al., 2005) is used. Here two
additional equations are solved. The first is to compute the electric potential, generated by the current on the two electrodes
and the other equation is solved for the net charge density ρc, representing the plasma density. The plasma actuation force f⃗
is given by the product between the net charge density and the electric field E⃗ (eq. 1), the latter being the negative gradient
of the overall electric potential Φ (eq. 2). Since the plasma is weakly ionized, Suzen assumes that the overall electric
potential Φ can be superpositioned from the outer electric potential ϕ due to the current applied to the electrodes and the
electric potential σ due to the electric charge of the generated plasma (shown in eq. 3). Suzen states a term for the electric
potential due to the electric charge in eq. 4, λD being the Debye length and ε0 being the permittivity in free space.

f⃗ = ρcE⃗ (1)

E⃗ =−∇Φ (2)

Φ = ϕ +σ (3)

σ = (−ρcλ 2
D/ε0) (4)

 

∇(𝜀r2∇𝜙) = 0

Air Side:

Dielectric Material:

∇(𝜀r1∇𝜙) = 0

𝜀r1 = 1.0

𝜀r = mean(𝜀r1,𝜀r2)
𝜙 = 𝜙(t)

∂𝜙
∂n

= 0

On Outer Boundaries:

𝜀r2 = 2.7
𝜙 = 0

2.0

(a) Model for electric potential due to current on electrodes ϕ
x

y

(b) Model for electric charge density ρc

Figure 4 Numerical model with boundary condition for ϕ and ρc, (Suzen et al., 2005)

The charge density ρc is computed in the air region according to the model depicted in figure 4b. Here a charge density
distribution in the region above the embedded electrode needs to be specified. In (Suzen et al., 2005) a half Gaussian
distribution is proposed. In a later model, (Suzen et al., 2007) simplify this assumption by saying the charge distribution is
constant at the embedded electrode and can be calculated in the air and the dielectric layer in a similar way to the computation
of the charge density in the air. This simplification has the drawback of too high values of charge density with increasing
wall parallel distance to the exposed electrode in the direction passing the embedded electrode (x- direction in figure 4b).
Therefore, the original model of (Suzen et al., 2005) is used. The charge density distribution over the region above the
embedded electrode is specified according to experimental data of (Kriegseis et al., 2011).
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(a) Computed induced velocity field

(b) Experimental and
computed velocity u at
x = 38.1mm

Figure 5 Comparison of induced velocity of the plasma actuation model with experimental data

The Poisson equations for ρC and ϕ are solved with the finite volume solver of Ansys CFX. The resulting plasma
actuation forces are inserted into the flow simulations by adding a source term to the momentum equations of the Reynolds-
averaged Navier-Stokes equations. The model of (Suzen et al., 2005) can compute the plasma actuation forces for different
electrode geometries based on the parameter Debye length λD, a charge density distribution above the embedded electrode
and the maximum value of the charge density ρc,max. Next to the previously explained charge density distribution, λD and
ρc,max must be derived from experimental data. The experimental data given in (Thomas et al., 2009) is used for this purpose.
Here a high actuation force as well as results in form of actuation force and velocity data is given. The flow case consists of
a single actuator in quiescent air. Solely due to the electrodynamic forces an induced velocity field develops. The plasma
actuation model is adjusted to the geometry of the experiment in (Thomas et al., 2009). The exposed electrode is 12.7mm
and the embedded electrode 25.4mm wide, both electrodes overlap 3.18mm in x-direction and are separated by a 6.35mm
thick dielectric layer, see figure 5a. The Debye length as well as the maximum charge density is determined to represent
the experimental data (Debye length results in 0.014m and maximum charge density in 0.009C/m3). The velocity profile
resulting from the simulated plasma forces agrees very well with the experimental data. This is shown in figure 5b.
The strongest published plasma actuation known to the author is described in (Saddoughi et al., 2014). Here plasma actuators
are implemented on the casing wall upstream the rotor leading edge in a transonic compressor rig. The authors achieved a
surge margin improvement up to 4% due to plasma actuation. The information about the DBD plasma actuation are limited
to a maximum induced velocity of 12.2m/s for a single actuator and 30.5m/s for 7 actuators. There are several ways to
increase the actuation forces in the current model of Suzen: Increased number of actuators, increased maximum net charge
density as well as increased Debye length. In order not to overestimate the actuation forces and still implement the stronger
actuation of Saddoughi et al., the following assumptions are used: At first the distance between successive actuators is not
decreased to fit more actuators on the blade surface although the distance is less in the experiment of Saddoughi compared
to Thomas. With the used geometry and a distance of 12.7mm in x-direction between the embedded electrode of the first
actuator and the exposed electrode of the following actuator, as proposed in (Thomas et al., 2009), the necessary length for
7 actuators would result in 32.1cm. For comparison: (Saddoughi et al., 2014) implemented 7 actuators within the much
shorter length of 12.9cm. The second conservative assumption is to achieve higher induced velocities by increasing solely
the maximum charge density and keeping the Debye length constant. Since the Debye length influences the spread of charge
density in the wall normal direction and consequently the spread of forces and induced velocities in wall normal distance,
higher Debye lengths, with constant maximum charge densities, result in overall higher actuation forces per span.
With the used geometry, shown in figure 5a, and a Debye length of λD = 14mm, the maximum charge density results in
ρc,max = 0.0304C/m3 to achieve a maximum induced velocity of 12.2m/s at quiescent air. The forces per unit span reach
the magnitude of 486mN/m, which is still in a reasonable region. For comparison: Thomas achieved a maximum force per
unit span of 190mN/m with a single actuator of the aforementioned geometry. A single actuator, with a wider embedded
electrode achieved a force per unit span of 240mN/m.
The plasma actuation model is applied to the suction surface of the NASA Rotor 67 blades. Two actuators with a distance
of 12.7mm between each other are modelled. The exposed electrodes are placed on the suction surface and the embedded
electrodes near the pressure surface. Electrode width and overlapping of exposed and embedded electrode are the same as
seen in figure 5a. The electrodes are placed at the upper part of the blade but still ensuring a 7mm distance to the tip and a
5mm distance to the trailing edge. The placement of actuators on the suction surface is depicted in figure 6a. The resulting
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gradient of the overall electric potential as well as the resulting charge density distribution at the suction surface are shown
in figures 6b and 6c.

(a) Actuation geometry SS (b) ∇Φ/Φmax near blade contour (c) ρC/ρC,max near blade contour

Figure 6 Applied Suzen model on Nasa Rotor 67 geometry

A mesh convergence study is carried out for the applied model at the NASA Rotor 67 geometry. Since the compu-
tational cost to solve the Poisson equation is low, high mesh element numbers could be chosen (see figure 7a), achieving
small differences for all studied meshes. The relative error to the normal-fine mesh of volume mean values of the charge
density and the electric potential can be seen in figure 7b. The electric potential in the blade domain and the charge density,
which exist only in the fluid domain, show decreasing errors with finer meshes. The electric potential in the fluid domain
does not show this strictly decreasing behaviour, but all errors are already very low. The coarse-normal mesh is furthermore
used, all relative errors being below 0.16%.

(a) Mesh nodes and elements for the Suzenmodel implemented
on NASA Rotor 67 (b) Relative error of ρC and Φ to normal-fine mesh

Figure 7 Mesh convergence for the Suzen model applied on NASA Rotor 67

AEROELASTIC ASSESSMENT AND LOAD MANIPULATION
The aero damping is calculated to identify suitable flow cases for possible future vibration and flutter control. For the

flow case with the highest flow velocities and frequencies, simulations are carried out with different time steps per blade vi-
bration period to assess whether the transient behaviour can be accurately captured. With 110 time steps per blade vibration
period, the deviations remain small compared to higher time steps. The damping remains within 1.5% deviation compared
to the case with twice the number of time steps per blade vibration period. Therefore, 110 time steps per blade vibration
period are chosen for the damping calculations. For the coupling of aerodynamic and structural forces the well-established
energy method is used (Carta, 1967). The damping is calculated with Influence Coefficient Method (ICM), including 5
influence coefficients. To gain insight in the accuracy of the ICM, travelling wave mode simulations are conducted as well.
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For the Influence Coefficient Method simulations, 11 passages are modelled. Inter blade phase angles of 0◦ (TWM 0) and
180◦ (TWM 11) are selected for TWM simulations. Here the vibration behaviour is periodic, so the number of modelled
passages can be reduced to 2 due to the employed rotational periodic boundary conditions. The aeroelastic stability is rep-
resented as the value of the damping ratio. The damping ratio is defined in accordance with (Iseni et al., 2018).
Damping values are calculated for 100%, 80% and 70% rotor design speed for the first 3 eigenmodes at various mass flows
between peak isentropic efficiency and near stall conditions. For brevity, only the case with 70% design speed is presented.
The damping curve for 70% rotor design speed is seen in figure 8 for eigenmodes 1 and 2. Here the damping ratio is shown
for different travelling wave modes. Positive damping predicts a stable behaviour, while negative values predict an unstable
behaviour for the aeroelastic system without the consideration of structural damping. The resulting damping values for the
Influence Coefficient Method and the travelling wave mode calculations agree very well. Regarding all calculated cases,
no unstable aeroelastic behaviour is detected. Low damping values are found for 70% rotor design speed for the eigenmode
1 with an inter blade phase angle of 0◦. At this rotor speed the second eigenmode shows a decreased stability for lower
massflows for most travelling wave modes. Lower flow velocities are favourable for the effectiveness of plasma actuation.
Based on this, the flow case of 70% rotor design speed with a mass flow of 22.0 kg/s will be used for the plasma actuation
simulations.
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(a) Damping curve mode 1; 70% design speed

0 5 10 15 20
0

0.002

0.004

0.006

0.008

0.01

(b) Damping curve mode 2, zoomed; 70% design speed

Figure 8 Aerodynamic damping for mode 1 and 2 at 70% rotor design speed

For the assessment of steady load manipulation, the aerodynamic blade forces are decomposed to modal forces. At
first, the influence of the actuator position is studied. For this case every blade is equipped with one actuator. The position
parameter ζ , used to specify the actuator position, describes a local displacement in the streamwise direction referred to
3.3mm. For the position parameter ζ=0, the actuator is placed near the trailing edge of the blade as seen for the actuator
on the left side in figure 6a. For ζ=14.5, the actuation hold the position seen for the actuator on the right side in figure 6a.
The resulting change of the first 3 modal forces is depicted in figure 9. For mode 1 the highest procentual changes can be
seen for ζ being between 4 to 8. The depicted procentual change is slightly decreased for actuation placements nearer to the
leading edge (increasing ζ ). The modal forces of the second eigenmode experience the highest change due to the actuation.
The course is similar to the one of the first modal force, but having a more distinct decrease of actuation effect for positions
near the leading edge. For ζ=15 a local decrease of the actuation effect is seen. Here the actuation forces lay in the area of a
small shock-induced separation bubble, which is likely the cause for this outcome. Modal forces of eigemode 3 experience
opposing actuation effects for actuation positions near the leading and trailing edge.
Furthermore, the case with 2 actuators is studied. To ensure the specified geometry restrictions introduced in the section
explaining the plasma model, the two exposed electrodes of the actuators must have a distance of 34.95mm. This results
in a displacement of ζ=14.5 or 47.65mm from one actuator to be at the same position of the other. For this reason and
based on the single actuator results for mode 1 and 2, the actuator positions of ζ=0 and ζ=14.5 are chosen for the 2 actuator
configuration.
To gain further insight in the actuation effect, a configuration with one plasma equipped blade (with 2 actuators) and 5
neighbouring blades on each side without actuation is simulated. The procentual change of the modal forces is depicted in
figure 10. The blades in counter rotating direction are named C1 to C5 and the blades in rotation direction are named R1 to
R5. The resulting changes of modal forces show that the main influence is on the actuated blade and second strongest on the
neighbouring blade on the counter rotating side for the modal forces of mode 1 and 2. The change of the modal force on the
counter-rotating neighbouring blade is opposite to the change on the actuated blade for all eigenmodes. For the modal force
of eigenmode 3, the influence on the neighbouring blade is the highest, followed by the influence on the actuated blade.
A possible reason is the opposite blade deflection of leading edge and trailing edge of the first torsional mode, decreasing
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the actuation effect on the actuated blade. For mode 2 and 3 small changes of modal forces are seen on the blades R1 to
R3, which are significant though, when taken into account all together. Also for the blade C2 a high influence is seen. The
sum of all changes in the modal forces of the 11 blades predicts the effect of the actuation for the case that all blades are
equipped with actuators. This sum agrees well with the simulations of the case where all blades are actuated. In numbers
the deviation of the procentual change of modal forces is 6 ·10−3 % for the first mode, 2 ·10−4 % for the second mode and
2 ·10−3 % for the third mode.
In total, the change of modal forces for 2 actuators on every blade in relation to steady modal blade forces stays small. The
change of the modal force for eigenmode 1 is 0.07% and for eigenmode 2 it is 0.21%. The 2 implemented actuators show
opposite effects on the modal force of eigenmode 3. As a result, the effect of the plasma actuation is cancelled out for the
2 actuator configuration. For the case where a single actuator is placed or used on every blade, a change of 0.04% can be
reached for the modal force of eigenmode 3.
The results are valid for the current geometry, improvements may also come with an increased number of actuators.
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Figure 9 Change of modal forces for different
actuation position with 1 actuator
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Figure 10 Actuation effect on neighbouring blades for
one actuated blade

CONCLUSIONS
The influence of plasma actuation on steady loads of the NASA Rotor 67 blading is studied with CFD simulations.

A numerical plasma actuation model is used to compute the actuation forces. The model calculates the electrical potential
and the electrical charge density by solving Poisson equations. The plasma model with a boundary condition for the charge
density in the boundary between solid and fluid region, above the embedded electrode, is used. This was found to represent
the charge density more accurately compared to themodel with a constant value of charge density in the embedded electrode.
To identify suitable flow cases for future possible vibration and flutter control, the aeroelastic damping is calculated for
various rotor speeds and throttle settings. The plasma actuation effect is assessed in terms of change of modal blade forces.
Primary outcomes are:

i. For 70%, 80% and 100% rotor design speed, no unstable aeroelastic behaviour is found between mass flows of the
highest isentropic efficiency and near stall conditions. For every case this is studied for all nodal diameters and the
first 3 eigenmodes.

ii. The Influence Coefficient Method results agree very well with calculated damping values of the travelling wave mode
simulations.

iii. Simulations with multiple passages and a single actuated blade show that changes of modal forces are observed not
only on the actuated blade, but also significantly at least on the neighbouring blade in counter rotating direction. The
change of modal force for the actuated blade and the neighbouring blade is opposite. This decreases the total effect
on steady state loads.

iv. The change of modal forces for actuation applied on every blade with 2 actuators stays small in comparison to steady
forces. Namely, a change of 0.07% of the modal force of eigenmode 1 and a change of 0.21% for eigenmode 2 is
seen. The superimposed change for eigenmode 3 cancels out. The reason for the latter is that the 2 implemented
actuators show opposite effects. For the case where a single actuator is placed or used on every blade, a change of
0.04% is reached for the modal force of eigenmode 3.

Further options for future analyses to possibly increase the actuation effect are an increase of actuators. Unsteady
effects shall be studied in future works.
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NOMENCLATURE
Symbol Abbreviations
pt total pressure [Pa] FEM Finite Element Method
Tt total temperature [K] CFD Computational Fluid Dynamics
ṁ mass flow [kg/s] URANS Unsteady Reynolds-averaged

Navier-Stokes
ṁchoke choke mass flow [kg/s] ICM Influence Coefficient Method
η isentropic efficiency [-] TWM Travelling Wave Mode
Π total pressure ratio [-] rpm revolutions per minute
f⃗ plasma actuation force [N/m3]
ρc charge density [C/m3

E⃗ electric field [N/C]
Φ total electric potential [V]
ϕ electric potential due to voltage

on electrodes
[V]

σ electric potential due to plasma [V]
λD Debye length [m]
ε0 permittivity of free space [C2N−1m−2]
εr relative permittivity [-]
x,y,z coordinates [m]
t time [s]
n normal coordinate [m]
u velocity in x-direction [m/s]
ζ position parameter [-]
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