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ABSTRACT

Plasma actuators may be successfully employed as virtual
control surfaces, located at the trailing edge of blades, both on
the pressure and on the suction side, to control the aeroelastic
response of a compressor cascade. Actuators generate an induced
Sflow against the direction of the freestream. As a result, actuating
on the pressure side yields an increase in lift and nose down
pitching moment, whereas the opposite is obtained by operating
on the suction side. A properly phased alternate pressure/suction

*Address all correspondence to this author.

side actuation allows to reduce vibration and to delay the flutter
onset. This paper presents the development of a linear frequency
domain reduced order model for lift and pitching moment of the
plasma-equipped cascade. Specifically, an equivalent thin airfoil
model is used as a physically consistent basis for the model.
Modifications in the geometry of the thin airfoil are generated to
account for the effective chord and camber changes induced by
the plasma actuators, as well as for the effects of the neighboring
blades. The model reproduces and predicts correctly the mean
and the unsteady loads, along with the aerodynamic damping



on the plasma equipped cascade. The relationship between the
parameters of the reduced order model with the flow physics is
highlighted.

INTRODUCTION

The quest for more efficient aero engines has significantly
grown during the last few years. There is a high research effort
to address the development of lighter engines, without degrading
the overall delivered performance. An effective — largely pursued
— solution would be to reduce the number of stages in compres-
sors, whilst providing an unchanged total pressure ratio. To this
aim, the pressure ratio per stage must be augmented, and this is
achieved with highly cambered, long and light thin blades. How-
ever, these designs yield a dramatic increase in blade vibration and
the narrowing of the flutter boundaries, together with an enhance-
ment of separation phenomena and pressure losses. At the same
time, also the aerodynamic performance is worsened, as separa-
tion phenomena — responsible of pressure losses — are intensified.
A dramatic worsening of the aeroelastic and the aerodynamic
performance of compressor blades is also encountered on pulsed
detonation engines (PDE), widely investigated in turbomachin-
ery research. These engines — potentially much more efficient
than isobaric combustion engines — feature an isochoric combus-
tion, which causes strong periodic pressure fluctuations impinging
on the blades. Several solutions have been proposed to control
flow separation and minimize pressure losses arising on these
diverse configurations [1-8]. Among these solutions, plasma ac-
tuators seem to be very promising, thanks to their lightness and to
their almost negligible intrusiveness in the flow. Moreover they
feature very large bandwidth and do not suffer of performance
degradation when operating under high temperatures and intense
centrifugal force fields. A common dielectric barrier discharge
plasma actuator consists of two electrodes separated by a dielec-
tric material, see Fig. 1. One electrode is exposed to air, i.e. on the
aerodynamic surface, and one is grounded within the dielectric
material, inside the blade internal volume. When an alternate volt-
age is applied between the two electrodes, an electric discharge is
initiated. The surrounding air is partially ionized, enabling a local
modification of the flow momentum and, in turn, of the developed
airloads.

EXPOSED PLASMA
ELECTRODE
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FIGURE 1: Schematic of a dielectric barrier discharge plasma actuator.

This kind of actuation has been proved to act effectively on
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separation, wake defect, and pressure losses on heavily loaded
blades [9—11]. Differently from issues related to separation phe-
nomena, the problem of controlling the structural and aeroelastic
response of heavily loaded blades has not been extensively stud-
ied so far. Among the approaches proposed to control flutter on
generic compressor blades, there are acoustic excitation [12, 13],
zero-mean mass flow actuation [14—16] and piezo-actuation [17].
Though some promising results have been achieved, drawbacks of
these concepts — some of which pointed out by the authors them-
selves in their works — may prevent their implementation on real
engines. A novel concept of virtual control surfaces, realized with
plasma actuators, has been proposed and assessed numerically by
the authors in [18, 19]. This active control system aims to solve
some of the aeroelastic feasibility problems encountered on heav-
ily loaded compressor blades, and represents a step forward the
realization of compressors at reduced number of stages. Specifi-
cally, in [18, 19] plasma actuators are modeled on the three central
blades of the compressor cascade sketched in Fig. 2. The cascade
— without actuation — reproduces the experimental rig of [20], with
span-wise uniform NACA 65-series airfoils, a stagger angle of
43 deg. and a pitch to chord ratio of 0.75. Plasma actuators are

PERIODIC BOUNDARY CONDITIONS
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FIGURE 2: Schematic of the computational geometry for the compres-
sor cascade, corresponding to the experimental rig of [20].

meant to be located at the trailing edge (TE) of the blades, both
on the pressure and on the suction side (PS and SS), see Fig. 3.
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FIGURE 3: Sketch of the blade section with the plasma actuators.

Actuators are operated to generate an induced flow which
is opposite to the direction of the freestream. This yields the
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development of controlled recirculating flow areas, that cause a
modification of the effective blade camber in a similar way to what
is generated by the insertion of a Gurney Flap or a trailing edge
spoiler [21]. Moreover, a shift of the Kutta condition application
point downstream the physical TE is observed, consistently with
what shown in [21]. Overall PS actuation has effects comparable
to those achieved with a mechanical flap-like device. That is, lift
and nose-down pitching moment are increased. On the contrary,
SS actuation yields effects on the flow field which are analogous to
those of mechanical spoilers. That is, lift and nose-down pitching
moment are reduced [18, 19].

It’s worth remarking that the present work is an exploratory
investigation to assess whether plasma actuators could be suit-
able for load control in turbomachinery. The detailed design is
planned for works to come and lies beyond the purposes of this
manuscript. However, preliminary considerations on the practical
implementation of plasma actuators on actual blades have been
done. The actuators per se are very thin. The overall thickness of
an actuator is expected to be ~10* m see Ref. [10]. Therefore
actuators could be installed also on quite thin trailing edges, by
realizing appropriate cavities on the blade surface, both on the
pressure and on the suction side. The first experimental studies
envisaged in the near future will feature plasma actuators parallel
to the chord and covering the whole span of the targeted linear
cascade, see [20]. Successive studies will be be carried out on a
rotating annulus, to investigate whether the transverse flow arising
from the rotation requires to orient the actuators with a certain
angle relative to the chord direction.

There are different possible approaches to fit the cables into
the blades. The selected configuration depends on the geometrical
arrangement of the actuators along the blade span. If the actuators
will cover the entire span, the cables will be connected at the
level of the blade root, where there will be less problems in
terms of space. Dedicated cavities will be realized to locate the
cables. When employing plasma actuators on the compressor
rotor, the transmission of the signal from the fixed to the rotating
frame will be realized by means of devices like those produced
by Jordil Technic Sarl, which have already been used in [22]
for a piezo-actuated aero engine blisk. An alternative, which
would avoid the transmission of electrical signals from a fixed to a
rotating system, was proposed by Iwrey in [23]. Iwrey suggested
to exploit the rotation to generate the required voltage, by using
electromagnetic effects. The concept of [23] is targeted to plasma
actuators employed to control the tip clearance flow on gas turbine
engines. Therefore, it is suitable also for the application of the
present work. Iwrey proposed to locate one or more magnets on
the casing of the engine and a magnet with a solenoid on each
of the plasma actuated blades. The solenoid is connected to the
electrodes of the plasma actuator. Due to the relative rotation of
the blade and of the casing magnets, a voltage is generated on the
solenoid. This voltage can indeed be used to feed the actuators, if
an appropriate signal modulation is applied.

A further path, which is currently pursued by the authors in
cooperation with the University of Salento, consists of develop-
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ing micro controllers and micro generators, enough small to be
located in targeted hollows, realized internally to the blades. In
order to avoid a possible interference of the electrodes on the pres-
sure side with those on the suction side, proper electromagnetic
shielding will be employed between the two actuators. This shield
can be realised by means of e.g. metal screens, foams or sheets.

The objective of this work is the development of a reduced
order model (ROM) for the aerodynamic response of the plasma
equipped cascade, assessed numerically in [18, 19]. The ROM
is a powerful tool to perform large scale sensitivity studies and
parametric optimizations, as well as to build up open- and closed-
loop control architectures for the plasma actuation. It will be
shown that the ROM allows for an accurate computation of the
steady and unsteady airloads obtained on the cascade. Also the
aerodynamic damping calculated with the model matches very
well the values issued by Computational Fluid Dynamic (CFD)
simulations. Because the ROM is conceived to reproduce the
modifications in the blade mean line induced by plasma, it also
provides a link with the near-body flow physics.

NUMERICAL SIMULATIONS

Plasma actuators are modeled numerically as local source
terms to the flow momentum equations. The values of the forces
per unit volume are taken from data of existing actuators and
range from 50 to 900 mN/m. Further details on the numerical
modeling of plasma actuators are given in [18, 19]. In these
two works two-dimensional incompressible CFD assessments are
performed with the finite volume solver Ansys CFX. Reynolds
Averaged Navier Stokes equations, closed with the k — w SST-
Menter turbulence model, are employed. A multi-block structured
grid composed of 550949 cells is realized. The reliability of the
numerical results is checked by comparisons with experimental
measurements and data from literature. More information on the
set up and on the reliability checks of the unsteady simulations
are reported in [18, 19] as well.

Computations with the blades at constant angle of attack —
and actuation on the PS or on the SS — highlight a significant
effect of plasma on the mean loads [18, 19]. PS actuation enables
an increase in lift and nose-down pitching moment, whereas the
opposite is achieved with SS actuation. At the same time, no
remarkable drag rises are encountered on the actuated cascade.
Steady state airloads with and without actuation, are displayed in
Fig. 4.

Furthermore, time-resolved traveling wave mode simulations
show the effectiveness of actuation on unsteady airloads and on
the aerodynamic damping. During a traveling wave mode simu-
lation, all blades oscillate at the same frequency and amplitude,
but with a constant and uniform phasing, referred to as inter blade
phase angle (IBPA) [24]. For these simulations, SS plasma is
triggered during the upstroke phase — nose moving upward — of
the pitching cycle. On the other hand, PS plasma is triggered
during the downstroke phase. Figure 5 sketches the triggering of
PS and SS actuation relative to the time history of the moment

GTP-19-1090
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FIGURE 4: Steady force coefficients versus the angle of attack for the clean central blade, together with the pressure or suction side actuated counterpart;
PS: pressure side; SS: suction side; Re ~ 3 x 10°%; plasma body force: 300 mN/m, both on PS and SS.

coefficient and to the blade motion. The light gray area highlights
the operating window of the SS actuation. On the other hand, the
dark gray area shows the operating window of the PS actuation.
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-

FIGURE 5: Sketch of PS and SS actuation triggering with respect
to the blade motion a(z) and of its time derivative ¢(z).

a(t)

Figure 6 (top) shows TE details of the velocity magnitude
field during an oscillation cycle of a traveling wave mode simu-
lation. The velocity is made dimensionless with the freestream
velocity. The central blade of the cascade is displayed. PS ac-
tuation generates the expected recirculating flow areas during
the downstroke phase, with a consequent increase in the blade
loading relative to the clean counterpart. The opposite occurs
during the upstroke phase [18]. The oscillatory loads obtained
with and without actuation are displayed in Fig. 6 (middle). The
reduction in the unsteady lift and moment peaks enabled by alter-
nate PS/SS actuation is clearly visible. Beneficial effects on the
blade aeroelastic stability provided by unsteady plasma actuation
are also obtained. Figure 6 (bottom) shows the non-dimensional
aerodynamic work — defined as aerodynamic damping E in [18] —
versus the IBPA, with and without actuation.

With the ultimate aim of designing optimal open- and closed-
loop control architectures, it is appears useful to develop a ROM
for the plasma-equipped cascade, capable to predict accurately
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the unsteady loads of the blades. Furthermore, the availability of
an accurate ROM may allow to extend significantly the parameter
space for sensitivity analyses. In this way extensive studies of the
aerodynamic/aeroelastic response to a wide range of geometrical
and actuation parameters can be performed. In this work a linear
frequency domain ROM is developed for the lift and the pitching
moment of the plasma-equipped cascade. It is worth remarking
that, being the angle of attack and the amplitude of oscillation
small, it is possible to assume the aerodynamic response of the
cascade as linear, at least as a first approximation. Moreover
the flow is subsonic — consistently with [20,25-27] — therefore
nonlinearities arising from shocks or high gradients in the flow
quantities are not present.

Notice that the derivation of a corresponding model for the
clean cascade is straightforward, based on the counterpart with
plasma actuations. Additionally, literature formulations which
model the aerodynamic response of clean cascades, e.g. [28,29],
can be easily transposed to the present model. Therefore the atten-
tion is focused here on a model for the plasma-equipped cascade
without plasma actuators. The proposed ROM is also easily ex-
tensible to any active control system inducing a modification in
the effective camber of the blade, which is the main effect of the
plasma actuators proposed here.

Because the effects of alternate PS/SS actuation are com-
parable to those of a flap-like device downward/upward de-
flected [18, 19], an equivalent three-segments thin line is used
as a basis for the ROM. Indeed this approach is consistent with
that adopted in [21, 30] for an helicopter blade section equipped
with a trailing edge flap-like device deflected harmonically. The
first segment is meant to reproduce the contribution of the blade
to the airloads. The second segment is representative of the ef-
fects of modification in the effective blade shape, due to plasma
actuation. The third segment, interpreted as a trim tab, is meant to
reproduce the downstream shift of the Kutta condition application
point due to plasma, as well as the contribution to airloads induced
by the neighboring blades. According to the IBPA, the effects of
the neighboring blades on a generic blade of the cascade can be
nozzle-equivalent or diffuser-equivalent [31] — i.e the effective

GTP-19-1090
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FIGURE 6: Top: TE detail of velocity magnitude, normalized by
the freestream velocity, over the oscillation cycle; plasma actuation
on. Middle: time history of lift and moment coefficient oscillations
without and with actuation. Bottom: aerodynamic damping versus
IBPA with and without plasma. Re ~ 1.9 x 10%; IBPA = -51.43 deg.;
o =2+sin2nft+4 x IBPA7/180 deg.; f=19.17 Hz, T=1/f; PS
body force: 225 mN/m; SS body force: 450 mN/m.

incidence is enhanced or reduced — therefore increasing or de-
creasing the aerodynamic loading. The same approach is adopted
to model the static lift and moment enhancements/reductions, as
due to an equivalent camber/chord modification effect. It is shown
that, with few parameters, it is possible to reproduce accurately
the steady and the unsteady loads on the plasma-equipped cascade
in design and off design conditions. The model appears capable to
work reasonably in a predictive manner, in computing airloads for
arbitrary values of the body force or of the IBPA. Also the aero-
dynamic damping, which is a widely used parameter to estimate
the aeroelastic stability of a cascade [32], is reproduced correctly
by the ROM. Moreover, especially at low-to-moderate reduced
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frequencies, the ROM allows to get an idea of the actuation effects
on the near blade flow fields.

ANALYTICAL FORMULATION OF THE REDUCED OR-
DER MODEL

The analytical reduced order model developed in this work
has its cornerstone in theory of Kiissner-Schwarz (KS) [33, 34].
This approach has already been successfully employed to repro-
duce the unsteady loads generated by a flap-like device on a
helicopter blade section [21,30]. The fundamental theory uses a
thin-airfoil approach, with the assumptions of:

e potential fluid flow
e incompressible flow
e linear flow response

These assumptions are valid for the simulated conditions, be-
ing the blade angle of attack and oscillation amplitude both small.
Moreover the flow is subsonic and no separation phenomena are
present. These conditions are in agreement with the investigations
performed on linear compressors in [20,25-27]. The model of
Verdon [35], which is one of the most referenced reduced models
for turbomachinery bladings — without active control —, is lin-
ear and widely used for aeroelasticity problems. It’s also worth
remarking that plasma actuators are employed here for two pur-
poses: i) control of vibration; ii) enlargement of flutter boundaries.
Small angles of attack are certainly suitable for vibration problems
and for most of the flutter problems. The ROM proposed here
is not valid for stall flutter phenomena. By the way the plasma
actuation proposed here and in Refs. [18, 19] is not addressed
toward stall flutter. The problem of stall flutter has to be tackled
by counteracting stall — detrimental first of all for the aerody-
namic performance — and not the consequent flutter. The present
arrangement of plasma actuators is not targeted to control stall.
For this phenomenon, actuators should be placed much closer
to the leading edge on the suction side (or even on the engine
casing) and should feature induced flow directed downstream, see
e.g. [9-11]. The proposed model can be easily made suitable for
transonic flows by using the approach proposed in [36, chapter 8].
In accordance with the small perturbation hypothesis, the aero-
dynamic solution of the unsteady flow around an airfoil can be
obtained as a linear combination of elementary solutions. These
latter correspond to the separate effects of angle of attack, camber
and thickness distribution — see [33,37,38]. Notice that also the
effect of the neighboring blades of the cascade can be reduced
to a modification of the effective camber and chord of the blade
section, at least for low-to-moderate reduced frequencies. Indeed,
according to the IBPA, the effect of a neighboring blade on a
reference blade can be either an acceleration or a deceleration
of the flow, relative to the flow of an isolated airfoil. If the flow
under the blade is accelerated, then lift and moment are reduced,
whereas the opposite occurs if the flow is decelerated. Comple-
mentary effects are encountered when the flow above the blade
is accelerated or decelerated. In general the neighboring blades
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modify the effective incidence of the blade — compared to the iso-
lated airfoil — as if the section would feature a different chord and
camber. As a result, the proposed ROM, conceived to be applied
to an isolated airfoil in [21], can be extended to a linear cascade,
as the one under consideration. The KS formulation allows for a
quick and accurate computation of the pressure distribution — in
terms of differences between the lower and the upper side — for an
arbitrarily shaped mean line affected by any kind of motion, as far
as the assumption of small perturbations is valid. The capability
of the KS model to deal with any kind of motion, comes directly
from theoretical foundation of the model. Because it is based
on the Fourier decomposition of the velocity distribution along
the mean line, then a lifting section — cascade or isolated airfoil —
moves according to the generic harmonic law:

2(x,1) = |Z(@, x) | eVt e:(@2), (1)

where (%) is the symbol used for the Fourier transformed vari-
ables and ¢, represents the phase of Z. The parameter @ = 2xf
is the circular frequency of the harmonic motion — being f the
frequency in Hz. The upwash velocity from the airfoil motion can
be computed as follows:

Dz Jdz dzdx Jdz U8z

= = tawar e Ve @

The Fourier series of the spatial velocity distribution allows for
the computation of the upwash coefficients P, ...P,, i.e.,

v(0,1) = g(0)eli@+90) — _yeior <Po +2) p, cosnG) ,

n=1
3)
where 0 is an angular abscissa that corresponds to the position x
along the airfoil chord, through the classical transformation x =
bcos 0, being 2b the chord of the airfoil. The upwash coefficients
are:

1 /3 .
= —— 0(6)
P, /0 2(0)e?") cosn6d6 4)

Kiissner and Schwarz [33,34] proved that the difference of pres-
sure coefficient between pressure and suction side can be ex-
pressed as a Fourier series:

. 0 it
ACp(0,1) = it <4A0tan2 +8 ZA,, sinn@) , 5
n=1

with the A,, coefficients that can be written as function of the
upwash coefficients, i.e.,

Ay = C(k) (Py+Pr) — Py (6)
ik
Av=Pi+ 3 (Bi=Pu1)  Yn>0 )
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In Eqgs. 7 k is the reduced frequency k = %b and C(k) is the
Theodorsen’s function [37]. The aerodynamic lift L() and pitch-
ing moment My (#) are obtained by the integration of the difference

of pressure along the mean line:

T
L() = %pUzb/O ACp(6,7) sin 8d6 @®)

T

Mo(f) = —%pUzbz/o (cos 6 — £0) ACp(8,7)sin 0O (9)
where the moment is computed with respect to the point £o = xo/b.
For pitch and plunge harmonic motions, the KS theory leads to re-
sults that are equivalent to the classical Theodorsen’s theory [34].
The development of the present ROM starts from the definition
of a parametric formulation based on the KS theory. A numerical
optimization is then performed, to identify the appropriate values
of the parameters through a comparison with CFD data. Exploit-
ing an approach similar to the one used in [21, 39], the blade
is represented by a piecewise-linear thin-line airfoil composed
by a fixed part plus two virtual movable surfaces: a flap and a
trim tab, see Fig. 7. The second segment models the effects of
the plasma actuation — equivalent to a flap-like device deflected
upward/downward — on the blade. The last segment takes into
account two phenomena: i) the shift of the Kutta condition down-
stream the physical TE, caused by the actuation, and the effect
of the neighboring blades, which can either increase or decrease
the actual incidence, according to the IBPA. In the following, the
first segment of the piecewise mean line will be referred to as
Equivalent Blade (EB), the second segment as Plasma-Equivalent
Flap (PEF) and the third segment as Equivalent Trim Tab (ETT).
The geometrical and motion parameters considered for the model

INDUCED FLOW

ALTERNATE PS/SS
ACTUATION
2
EQUIVALENT TO
w UPWARD/DOWNARD FLAF

FIGURE 7: Sketch of the blade section with plasma actuators, together
with the equivalent thin-line geometry.

order reduction are given in Fig. 7. The parameter o € C repre-
sents the oscillating motion of the EB about the mid chord ¢/2 of
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the virtual flat-plate thin-line geometry. Again, those oscillations
can be physically interpreted as local camber variation for the
thin-line airfoil. The parameter x indicates the starting point of
PEF along the chord of the equivalent KS model, and it can be
also expressed through the angle 6; = arccos (xy/b). The param-
eter x., and the corresponding angle 6, = arccos (x./b), indicate
the TE of the physical airfoil along the chord of the virtual thin-
line airfoil geometry. The complex parameter 3y € C represents
the amplitude and phase of the PEF rotation relative to the EB,
whereas f3,, € C represents the amplitude and phase of the ETT
rotation with respect to the PEF. All of the geometrical parame-
ters of the KS model are expressed as non-dimensional, using the
thin airfoil chord c; = 2b as the reference quantity. The position
0,, represents the fact the virtual thin-plate airfoil representation
should have a longer chord than the physical airfoil, because the
point where the Kutta condition must be enforced is not at the
airfoil TE. However, to compute the correctly scaled lift and mo-
ment, the pressure coefficient in the virtual thin-plate model is
integrated from the leading edge to 6,,, because the last portion of
the virtual airfoil model is only virtual and does not correspond
to a physical surface that can carry loads.

A generic plasma equipped blade of the cascade is modeled
as a linear system with three degrees of freedom. These are: the
pitch of the blade, the plunge of the blade and the oscillation
of a plasma-equivalent flap, i.e. the alternate PS/SS actuation.
According to the assumption of linearity of the model, it is possi-
ble to study the system response in terms of aerodynamic loads
for each of the three aforementioned forcing motions, separately.
Furthermore, the upwash velocity can be expressed as:

V= Vg (X) + v (x,1) +vi(x,1) +vpg, (x) +vg(x,1) (10)
where the subscript o represents the velocity terms associated
to the pitch motion, the subscript / indicates the velocity terms
issued from the plunge motion and the subscript f is related to
the velocity terms from the plasma-equivalent flap motion. The
velocity contributions related to each of the degrees of freedom
can be split into a steady term and a time dependent term, repre-
sentative of the steady mean value and of harmonic oscillation,
respectively. Accordingly, the aerodynamic forces can be written
as:

F, (1)

Foy(x) + Fo (x,1) + F(x,1) + Fp, (x) + Fg (x,1)

In the present work pitch oscillations are considered with zero
mean value, hence v, (x) = 0 in Eq. (10) and therefore Fg, (x) =0
in Eq. (11). The model order reduction is performed for the terms
of Egs. (10),(11) with subscript &, By and . The plunge motion
of the blades is not considered in this work and is left as a further
outlook. Indeed the blade bending stiffness is much larger than the
torsional counterpart, for the cascade under consideration [20,27].
Moreover, the experimental results of [26] showed that the tor-
sional mode is the most critical for this cascade. The analysis to
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compute the unsteady loads due to pitch and plunge motion is not
reported here, because it is equivalent to the standard approach
presented in Ref. [34, Chapter 13]. For the computation of the lift
and moment associated to EB, PEF and ETT rotations, the equiv-
alent geometry for the ROM takes the following mathematical
form :

(x—xcpn) if x<xf
(x —Xcr2) @

(x X /z)ael“” (
—(x—x¢) Bei®

'a)r_(

_ xf)[?fejcot
—xp)Brel® +

if xp<x<x, (12)

if x> x,.

Notice that the blades oscillate about the mid-chord x.» both
in the CFD and in the ROM geometry. The upwash velocity is
computed according to Eq. (2) and expressed as a function of 6.
The employment of relative rotations as degrees of freedom allows
to build an incremental model for the lift and moment. Consider
initially the upwash coefficients and the aerodynamic loads for
the PEF, extending from 6y to 6,,, oscillating with respect to its
initial point 6y, see Fig. 7. The vertical displacement z(x, ) of the
PEF is:

2(x,1) = —(x —x7) B, (13)

xXr<x<xe

where ﬁf € C is a complex parameter representing the Fourier
transformation of the PEF rotation at circular frequency . The
vertical perturbation velocity is:

v(0,1) = —U (jk (cos @ — %) + 1) Brel®
=g,(0)d”, 6.<0<6; (14)

with Xy = x/b. The upwash coefficients P, are then computed
through the Fourier transformation of the vertical perturbation
velocity, within the interval [6,, 6], see [21]:

B
Ur

6y ,
8(0)e(®) cosnbde

Oy

s)

n= _

The series of P, is convergent toward zero, so it can be truncated
after N terms, where N is selected as the first coefficient where the
order of magnitude is three times smaller than the leading term
of the series. The A, coefficients are computed using Eqgs. (7).
Similarly, the computation of ACp through Eq. (5) is straightfor-
ward. The aerodynamic loads can be obtained by substituting the
resulting expression of ACp in Eqgs. (9) and integrating the ACp
between the leading edge and the TE at 6,,, i.e.,

G

! 0
E/W <4A0tan2+82A smne> §in0do  (16)
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The moment coefficient related to the mid-chord is

1 (" 0
Cn=—7 <4A0tan2 +8) A, sinn9> sin@cos0d6 (17)
6y n=1

An identical approach can be used to compute the lift and moment
coefficients from the rotation of the ETT.

CFD results, better detailed in [18, 19], are used as a refer-
ence basis for the computations of the ROM parameters. First
numerical results obtained on the cascade with blades fixed at zero
angle of attack are considered. Configurations with constant PS
or SS actuation are employed. Several values of the plasma body
force — ranging from 50 to 900 mN/m — are taken into account.
This allows to assess the sensitivity of the ROM parameters to
the actuation intensity. An interpolation of the ROM parameters
over the actuation is performed. Then the predictive capabilities
of the model are checked for an arbitrary value of the body force,
both for the PS and for the SS actuation. Subsequently, travel-
ing wave pitch mode simulations — with reduced frequencies of
k=27 fc/2U. of 0.0720 and 0.2299 for several IBPAs ranging
from -180 to 180 deg. — are used. This allows for estimating
the sensitivity of the model parameters to the IBPA. An alternate
PS/SS actuation during the blade pitching cycle is used. The PS
body force — triggered during the blade downstroke phase — is
kept to 225 mN/m. The SS body force — activated during the
blade upstroke phase — is set to 450 mN/m, see [18].

The ROM is determined by means of an optimization pro-
cedure performed at a fixed IBPAs, first for off design and then
for design conditions. The objective of the optimization is the
minimization of the error between the CFD-computed lift and mo-
ment coefficients and the corresponding quantities computed with
the KS model of Fig. 7. One fitting is carried out on the results
at constant angle of attack, and another fitting is performed for
traveling wave mode simulations. The airloads achieved with the
two fitting procedures can be superimposed. This can be useful
when — within a traveling wave motion — the mean angle of attack
or body force are non-zero. A least squares-based optimization
algorithm is used for the minimization procedure. In particular,
the function to be minimized is written as follows:

1
F) = ey MO ~Cic®)’ + (18)
NUM
1
+ W S(CINUM - ClK (p))2 +
1
+ —— R Cl‘ﬂNMich 2+
e N Conan O )
1
+ m 3(Crnyum — Cimg (p))z
mNUM

where Cy,,, and Cy,, are the lift and moment coefficients
computed from the CFD simulations. The array p contains the
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geometrical and motion free parameters of the KS model dis-
cussed above, see also Fig. 7, i.e. p = {6,, Gf,ﬁfﬁw}, and it is
composed of six independent quantities. Cy, (p) and Cp (p) are
the KS aerodynamic loads to be computed by the optimization
algorithm according to the free parameters in p. Notice that for
the computations with the blades at constant angle of attack, the
airloads, as well as the parameters p, are real quantities. Moreover
different sets of free parameters are selected — among all those
of the KS formulation — for the fitting at constant angle of attack
or in traveling wave mode conditions. A multistart approach is
used for the minimization, to avoid the identification of a local
minimum that does not correspond to the global one. Additionally,
to achieve physically consistent solutions, constraints are imposed
a priori to the free parameters.

REDUCED ORDER MODEL FOR BLADES AT CON-
STANT ANGLE OF ATTACK

In this section the ROM for the blades at zero angle of attack,
with PS or SS actuation is developed. It is worth recalling that PS
plasma yields effects which are comparable to those of a flap-like
device deflected downward. On the other hand, SS plasma acts
similarly to of a flap-like device deflected upward. Additionally,
due to the actuation, the Kutta condition is shifted downstream,
see also [21], and the neighboring blades provide further modifi-
cations in the effective angle of attack, i.e in the blade camber and
chord. Because both the actuation and the plasma body force are
constant, the parameters p of the ROM are real quantities. For the
minimization of Eq. (18) — without imaginary terms — the length
of the PEF, determined by the parameter 6y, is fixed to the value
of the CFD model. Namely the length of the PEF is defined to
cover the same chord-percentage of the numerical counterpart.
The length of the ETT — defined by the parameter 6,, — is fixed
to 1% of the chord. This value is issued from evaluations of the
average shift of the Kutta condition points for the different body
forces — on PS and SS, respectively. The estimation is valid for
blades at constant angle of attack and with body force always
switched on during the simulation. The location of this point is
estimated as the first intersecting point of the streamlines coming
out of the PS and of those coming out of the SS [21]. The deflec-
tion amplitude of the PEF and of the ETT, s and f3,, respectively,
are left as free parameters for the optimization. Constraints are
imposed to the free parameters in order to ensure the achievement
of a physically consistent solution. The angle of attack of the EB
is set to O degrees.

Figures 8a and 8b show the amplitudes of the PEF and of the
ETT, By and B,, respectively, obtained with the optimization pro-
cedure at different body forces both on the PS and on the SS. The
parameter [y ranges between 0 and 0.2 deg. and B, lies between
-0.2 and -0.45 degrees. For the PS actuation 8y ranges between
-0.1 and -0.5 whereas B, varies between -0.1 and -0.5 degrees.
Figures 8c,8d show the lift and mid-chord moment coefficients
computed with the ROM, together with the counterpart resulting
from CFD computations. Again, different body forces are shown,
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Airloads C Cm, 1 Airloads G Cn, 1

CFD 0.0472 -0.0208 CFD 0.0619 -0.0193

ROM 0.0475 -0.0209 ROM 0.0613 -0.0193

A% 0.6373 -0.2886 A% 0.9979 -0.0901
(a) PS Actuation (b) SS Actuation

TABLE 1: Lift and mid chord moment coefficients resulting from in-
terpolating the ROM and achieved with CFD computations performed
a posteriori; angle of attack: 0 deg.; Re ~ 3 x 10%; plasma body force:
300 mN/m, both on PS and SS.

both for PS and SS actuation. The ROM is found to capture very
well the two force coefficients at each of the body forces taken
under consideration. In order to assess the predictive capabilities
of the ROM, the force coefficients of Figs. 8c,8d are interpolated
for arbitrary values of the body forces. The obtained quantities
are compared to the counterparts achieved with numerical com-
putations performed a posteriori. Table 1 shows the comparison
of the lift and moment coefficient obtained by interpolating the
ROM at body force of 225 mN/m, together with the CFD results
achieved a posteriori. The percent difference between CFD and
ROM is always below 1%, showing that the ROM is capable to
operate correctly also in a predictive manner. This is very useful,
because the ROM can indeed be successfully used to perform
sensitivity studies, reducing drastically the computational burden.

REDUCED ORDER MODEL FOR BLADES IN TRAVEL-
ING WAVE PITCH MODE

In this section the ROM is derived for the blades featuring
a traveling wave pitch mode. The flow and motion conditions
are the same of [18, 19]. The blades oscillate in pitch with ampli-
tude of 1 deg., about a mean angle of 2 deg. Notice that in this
section the ROM is developed only for the oscillating part of the
motion and of the airloads. In fact, because plasma is operated
in un unsteady manner with zero mean body force, there is no
effect of actuation on the mean loads in this case. The steady
mean contribution can be easily added by using the thin-line for-
mulas. For instance, the steady lift can be computed directly
as 2m(o — 0y ), being  the zero-lift angle, see [40, Chapter 5].
The parameters of the ROM are obtained by performing the min-
imization of Eq. (18) at several IBPAs in the range [-180 180]
degrees. Consistently with the alternate PS/SS actuation and to
the oscillating motion of the blades, the PEF and the ETT are
assumed to feature an harmonic motion, at the same frequency of
the blade, but with different phase. The ROM is first developed
for off-design conditions [20,27] and then for the design condi-
tions investigated in [20,25]. The results obtained in off design
conditions are presented first because they are indeed those under
which plasma actuators are meant to operate, and therefore the
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most significant to be reproduced.

The free parameters p for the optimization algorithm are the
amplitude of the PEF and of the ETT, alongside the phase and
length of the ETT. Therefore four parameters have to be computed
in total. The length of the PEF is kept to the same value imposed
in the previous section. That is the EF is assumed to cover the
same chord percentage of the numerical plasma. Analogously, the
phase of the PEF is kept at the same value of the numerical model,
i.e., +m/2 relative to the motion of the EB. The amplitude and
phase of the EB, are kept equal to those of the numerical model.
Because here the fitting is performed on the central blade of the
cascade, its oscillation phase corresponds to 4 x IBPA. The real
and the imaginary part of lift and moment coefficients issued by
CFD computations are used as a reference to minimize Eq. (18).

Figures 92,9b,9¢,9d show the geometrical parameters of the
ROM achieved at four IBPAs for the off design conditions. Be-
cause the cascade is close to the instability [20,27] the computed
parameters exhibit a highly oscillating behavior with respect to
the IBPA. Indeed the equivalent geometry has to generate airloads
which exhibit large excursions with the IBPA. The deflection
amplitudes of the PEF and of the ETT span approximately from
-50 to 50 deg., whereas the phase of the ETT ranges between
approximately -180 and 180 degrees. The length of the ETT is
also depicted, and defined as the percent enlargement of the chord
relative to the physical TE. This parameter is indicated as x,, and
is related to 6,, by the following expression [21]:

1—cos6,
=14+— 19
X =1+ 1+cos 6, (9

This quantity is bounded within a narrower range and is always
smaller than 2% of the chord. Notice that the values of the ROM
parameters computed at -180 deg. and at 180 deg. are the same.
It is appropriate to remark that the oscillations found for the PEF
and and for the ET are quite high to be considered as deflections
of trailing edge control surfaces, and exhibit a remarkable oscil-
latory behaviour with respect to the IBPA. This is probably due
to the fact that, at moderate-to-high reduced frequencies, like the
one under consideration, the wave length of the pressure wave
associated to the IBPAs gets closer to the wave length related to
the blade oscillation. Therefore the effects of the neighboring
blades interfere more on the aerodynamic response of the blade,
compared to the case of lower reduced frequencies. As a result
the ROM is capable to calculate accurately the unsteady airloads,
but it loses slightly in physical meaningfulness. In these condi-
tions more degrees of freedom, related to the mutual effects of
the blades should be involved, to achieve a more realistic consis-
tency with the physics. One possibility could be to try to consider
multiple thin-line geometries disposed in cascade, e.g. with an
approach similar to [28,35]. A multi-blade model is currently
under study and will be the focus of future works.

Figure 10 shows the numerical near body flow field of the vor-
ticity — made dimensionless by the ratio of chord over freestream
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FIGURE 8: Top: parameters of the equivalent geometry. Bottom: force coefficients coefficients obtained with the fitting over the CFD data versus the

plasma body force. Re ~ 3 x 10°; o = 0 deg.;plasma body force: 300 mN/m, both on PS and SS.
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FIGURE 9: Parameters of the ROM equivalent geometry; off design conditions; k = 0.2299; Re ~ 1.6 x 10°; PS plasma body force: 225 mN/m; SS

body force: 450 mN/m.

velocity — at IBPA =-51.43 degrees. Four time steps of the pitch
oscillating cycle are displayed, and the alternate PS/SS plasma
actuation is clearly visible. Indeed the positive and negative peaks
of vorticity in the TE area are related to the recirculating flow
regions associated to PS/SS actuation. The central blade is de-
picted. The thin line geometry issued by the ROM is plotted over
the numerical flow field. The three segments of the equivalent
geometry are displayed as a black piece-wise line. The ROM
equivalent geometry follows the motion of the blades and repro-
duces the camber modifications related to the alternate PS/SS
actuation. Namely, the PEF is deflected upward when SS actu-
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ation is triggered. Consistently, the PEF is deflected downward
during the operating cycle of the PS actuator. Finally the ETT
accounts for the combined effects of the neighboring blades and
of the plasma-induced chord enlargement.

Figure 11 shows the hysteresis loops of lift and mid-chord
moment coefficients obtained with the ROM and with CFD com-
putations on the cascade with alternate PS/SS actuation. Namely,
the first positive and negative nodal diameters of an annulus equiv-
alent to the linear cascade are displayed. The value IBPA =
-51.43 deg. is close to the aeroelastic instability threshold of the
cascade, detected numerically [20] and experimentally [27] at
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FIGURE 10: Non dimensional vorticity field for the central blade of the cascade with alternate PS/SS actuation, together with the equivalent geometry
computed with the ROM; off design conditions; k = 0.2299; Re ~ 1.6 x 10%; oscillation amplitude: 1 deg.; PS plasma body force: 225 mN/m; SS body
force: 450 mN/m.

this reduced frequency (k = 0.2299). A very good agreement
between the ROM and the CFD is found for the two IBPAs both
in terms of lift and moment coefficients. The same accuracy is
obtained with all of the remaining IBPAs on which the ROM
has been computed. The actuators are conceived to act primarily
on the aeroelastic response of the cascade. Therefore it appears
useful to highlight the capability of the ROM in predicting the
aerodynamic work of the blades. This quantity defines the energy
exchange between the flow and the blades. When the flow feeds
the blade with energy, then the aeroelastic response gets unstable
and flutter can occur. The aerodynamic damping is a dimension-
less expression of the aerodynamic work. Consistently with [32],
the aerodynamic damping Z is here computed as:
E=-3Cp. (20)
Table 2 shows the percent difference between the values of =
issued from CFD and the counterparts achieved with the ROM.
The percent difference is smaller than 3.2% for all of the IBPAs
considered, showing how the ROM is reliable also for evaluating
the aeroelastic stability of the cascade.
By applying the procedure adopted in the previous section, it is
possible to employ the ROM in a predictive manner. This allows
for computing the unsteady lift and moment coefficients for an
arbitrary IBPA, without the need of CFD computations. It is found
that the ROM can be indeed used in a predictive manner, also for
traveling wave mode simulations. Figure 12 is an example of the
lift and moment hysteresis curves predicted by interpolation of
the ROM parameters, against CFD results obtained a posteriori.
The displayed IBPA corresponds to 112.5 deg. Actually, the
remarkably oscillating behavior obtained for the ROM parameters
depicted in Fig. 9 does not allow to get excellent predictions
for all of the IBPAs. The one shown in Fig. 12 is one of the
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best matching obtained with the employment of the ROM in a
predictive manner. An good agreement between CFD and ROM
is observed. The ROM is found capable to predict correctly also
the near-body flow physics, similarly to what shown in Fig. 10.
The results are not reported here for brevity purposes.

The ROM is computed also for operating design conditions
of the cascade. Specifically, the oscillation amplitude is 1 deg.
and the semi-chord-based reduced frequency is 0.0720. The body
force is again 225 mN/m on the PS and 450 mN/m on the SS.
Figures 13a,13b,13c,13c shows the ROM geometrical parameters
achieved in these conditions at IBPA = [-180, -90, 90, 180] deg.
The parameters computed at IBPA = -180 deg. are again the
same of the counterparts obtained at IBPA = 180 deg. The deflec-
tion amplitudes of the PEF and of the ETT range approximately
between -6 and 3 degrees. The phase of the ETT spans from
approximately -110 and -90 degrees. That is the ETT is in lag
relative the PEF.

It is found that the effective chord length increase of the PEF
is below 1% of the chord, i.e, slightly lower than the steady state
counterpart at body force of 225 and 450 mN/m. This effect
balances somehow the fact that the deflection amplitudes of the
PEF and of the ETT are larger than the values obtained at constant
angle of attack for body forces in the range [225 and 450] mN/m.
These differences show that, for the blades oscillating in traveling
wave, the camber modifications induced by the actuation are more
relevant than the chord enlargement effects induced by the shift of
the Kutta condition and by the influence of the neighboring blades.
In general, lower absolute values of the PEF and ETT deflections
angles are found with respect to the off design conditions. This
is somehow expected, because for growing reduced frequencies
— above the value of the phase inversion — the amplitude of the
unsteady loads results larger, see [38]. Additionally, the phase of
the ETT is always negative, whereas, for the off design conditions
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FIGURE 11: Hysteresis curves of lift and moment coefficient for the central blade of the cascade with alternate PS/SS actuation, together with the
counterpart of the ROM; off design conditions; Re ~ 1.9 x 10°; PS plasma body force: 225 mN/m; SS body force: 450 mN/m.
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TABLE 2: Percent difference of aerodynamic damping computing with CFD and with the ROM. Central blade of the cascade with alternate PS/SS
actuation; off design conditions; Re ~ 1.9 x 10%; PS plasma body force: 225 mN/m; SS body force: 450 mN/m.
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FIGURE 12: Hysteresis curves of lift and moment coefficient for the central blade of the cascade with alternate PS/SS actuation. Interpolation of the
ROM parameters at IBPA = 112.5 deg. and CFD simulations performed a a posteriori; off design conditions; Re ~ 1.9 x 10°; PS plasma body force:

225 mN/m; SS body force: 450 mN/m.

both positive and negative values are found.

Figure 14 shows the equivalent geometry plotted over the
nondimensional vorticity field, at four different time steps during
the pitching cycle. The ROM reproduces correctly the unsteady
near body flow physics, also for the design conditions.

The hysteresis curves of lift and moment coefficients at IBPA
of -51.43 deg. and 51.43 deg. are displayed in figure 15. Also
in design conditions there is very good agreement between CFD
and ROM, for both lift and moment coefficient. The ROM is
found to be capable of operating in a predictive manner also in
design conditions. In these conditions, the more limited range
exhibited by the ROM parameters, allows to get almost always
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a good prediction of the unsteady airloads for arbitrarily chosen
IBPAs. The results of the predictions are not shown here for
brevity.

GENERAL REMARKS AND CONCLUSIONS

A physically consistent reduced order model is developed
for a compressor cascade equipped with virtual control surfaces.
The reduced order model is based on the thin lifting line theory of
Kiissner and Schwarz. An equivalent three-segment piece-wise
mean line is used to reproduce the steady and the unsteady loads
on a generic plasma-equipped blade of the cascade. The geo-
metrical and motion parameters of the equivalent geometry are
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FIGURE 14: Non dimensional vorticity field for the central blade of the cascade with alternate PS/SS actuation, together with the equivalent geometry
computed with the ROM; design conditions; k = 0.0720; Re ~ 3 x 10°; oscillation amplitude: 1 deg.; PS plasma body force: 225 mN/m; SS body force:

450 mN/m.

computed by a least-squares optimization procedure. Namely, the
developed algorithm aims to minimize the difference between
the airloads issued from CFD computations and the counterparts
obtained with the low-order model. It is found that, with as much
as two/four degrees of freedom, it is possible to compute and pre-
dict accurately the steady/unsteady loads of the plasma equipped
cascade. The model takes into account also the effects on loads
induced by the neighboring blades. Because the aerodynamic
damping can be directly computed as the integral loop of the pitch-
ing moment hysteresis curve, the present model can be used also
to estimate the aeroelastic stability of the cascade. The reduced
order model works for both design and off design conditions,
where indeed plasma actuators are expected to operate. Moreover
the equivalent geometry reproduces very well the modification
in the effective camber line induced by the actuators, particularly
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at the lower reduced frequency taken under consideration. That
is, the reduced order model captures correctly the near body flow
physics induced by the conceived actuation system. The capa-
bility of predicting accurately the steady and unsteady loads —
especially for low reduced frequencies — of the plasma equipped
cascade is a powerful tool for sensitivity studies on the config-
uration of the actuators and on their operation in different flow
conditions. The possibility of a straightforward computation of
the aerodynamic response enables to enlarge significantly the pa-
rameter space for the sensitivity analyses. It is ultimately possible
to perform large-scale optimization studies — on the size, location
and actuation laws of plasma. Genetic algorithms, tremendously
demanding when coupled to CFD simulations, could be rapidly
built-up and carried out on the reduced order model developed
here. Additionally, the present frequency domain model is suit-
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FIGURE 15: Hysteresis curves of lift and moment coefficient for the central blade of the cascade with alternate PS/SS actuation, together with the
counterpart of the ROM; design conditions; k = 0.0720; Re ~ 3 x 10° ; PS plasma body force: 225 mN/m; SS body force: 450 mN/m.

able for couplings with low order — e.g. lumped parameters —
structural representations. Therefore it allows for carrying out
rapidly preliminary aeroelastic assessments, to calculate flutter
parameters and to assess the sensitivity of the actuated blade to
the structural properties of the cascade. Furthermore, it is possi-
ble to perform additional optimization studies for the parameters
of the actuation law, by taking into account also the structural
response of the cascade. The physical consistency of this reduced
order model may have several advantages, compared to black box
identification procedures, e.g. rational functions approximations.
Indeed it allows to estimate the loads associated to an actuation
system, by simply evaluating the impact of the device on the
near-body flow field. The availability of information on the near
body flow field can be very important for the conceptual and
preliminary design of an active control system on a turbomachin-
ery cascade. It is also worth noting that the proposed model is
easily extensible to any other control system which operates by
modifying the effective sectional shape of a blade or of a generic
lifting surface. Flow blowing/suction, piezo-electric or mechanic
morphing, adaptable leading edge, Gurney flaps or other flap-like
devices are only a few of the actuation systems that could be
suitable for this simple, low-order, frequency domain approach
to get the aerodynamic response of an actuated lifting surface
operating under small perturbation conditions.
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NOMENCLATURE
a, n-th coefficient for the analytical computation of loads
b blade semi-chord for the analytical model [m]

c blade chord for the numerical model [m]

cx  blade chord for the analytical model [m]

Cq  drag coefficient

C(k) Theodorsen function

C;  lift coefficient

Cn  pitching moment coefficient

Cp pressure coefficient

f frequency [Hz]

F  functional to be minimized for the model order reduction
F, generic aerodynamic force [N]

g space dependent upwash velocity within the analytical model
h airfoil position for the plunge motion [m]

3 imaginary part of a generic complex parameter

k reduced frequency, wb/U.

L sectional lift coefficient [N/m]

My sectional moment coefficient about the point xy [N]

p array of free parameters for the model order reduction

P,  upwash n-th coefficient for the analytical model

R real part of a generic complex parameter

Re chord-based freestream Reynolds number

t time [s]
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freestream velocity [m/s]

vertical component of the perturbation velocity [m/s]
position along the chord within the analytical model [m]
position coordinate perpendicular to the chord [m]
variables in the Fourier transform domain

angle of attack [deg.]

PEF or ETT deflection angle, positive upward [deg.]
phase of a generic complex quantity.

difference of Cp between the lower and the upper side
aerodynamic damping [-]

x-transformation coordinate, x = cos 0

chord extension relative to the physical blade

o  circular frequency [1/s]

Subscript

0 pole of the pitching moment

a quantity related to the aerodynamic forces

k quantity related to the analytical model

KS Kiissner-Schwarz

n index for the series terms within the analytical model
N number of terms of the series within the analytical model
f quantity related to the PEF within the analytical model
w  quantity related to the ETT within the analytical model
Acronym

CFD Computational Fluid Dynamic(s)

EB  Equivalent blade

ETT Equivalent Trim Tab

ELT Equivalent L-Tab

IBPA InterBlade Phase Angle [deg.]

PEF Plasma-Equivalent Flap

PS  Pressure Side

ROM Reduced Order Model

SS  Suction Side

TE Trailing Edge

e H o<
96 30 S

D [ >

=
=
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