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Circular Cylinder Drag Reduction
By Three-Electrode Plasma
Symmetric Forcing35

36 This study reports an efficient reduction of the drag exerted by a flow on a cylinder when
the former is forced with a plasma actuator. A three-electrode plasma device (TED) dis-
posed on the surface of the body is considered, and the effect of the actuation frequency
and amplitude is studied. Particle image velocimetry measurements provided a detailed
information that was processed to obtain the time-averaged drag force and to compare
the performances of TED actuator and the canonical dielectric discharge barrier actua-
tor. For the Reynolds number considered (Re¼ 5500), excitations with the TED actuator
were more efficient, achieving drag reductions that attained values close to 40% with
high net energy savings. The reduction of coherent structures using the instantaneous
vorticity fields and a clustering technique allowed us to gain insight into the physical
mechanisms involved in these phenomena. This highlights that the symmetrical forcing of
the wake flow at its resonant frequency with the TED promotes symmetrical vorticity pat-
terns which favor drag reductions. [DOI: 10.1115/1.4035947]

37 1 Introduction

38 Electrohydrodynamic or plasma actuators have been rapidly
39 developed over the last 20 years in the flow control community.
40 They show unique properties in terms of flow manipulation [1–3]
41 as: (1) momentum addition close to the wall, (2) no moving parts,
42 (3) short command to action delays (of the order of the ms) [4],
43 and (4) high geometric versatility [5], allowing mounting on any
44 surface exposed to the flow. Even though many types of discharge
45 configurations have been proposed over the years (Fig. 1) [6], the
46 acting principle has always been equivalent to the following: (1)
47 the imposed electric field weakly ionizes the air close to the flow-
48 exposed electrode(s), creating a plasma state; (2) the presence of
49 charged particles within the highly nonuniform electric field cre-
50 ates a body force on the fluid near the electrodes’ surface through
51 a ion collisional mechanism; and (3) the process is accompanied
52 by a slight heating of the air that locally modifies mass density
53 and viscosity of the fluid.
54 The different discharge configurations ultimately determine the
55 stability of the discharge, the electrode degradation, the electric

56force distribution, or the energy consumption required to attain a
57given air flow.
58The most popular of these devices, the dielectric barrier dis-
59charge (DBD) actuator (Fig. 1(b)), has been used to achieve con-
60trol of diverse flows [2,3,7], exhibiting strong advantages: a
61simple implementation, reproducible performances, and relative
62robustness. It has been successfully applied in many recent engi-
63neering problems such as: control of transition [8]; separation of
64flows for canonical geometries [9] or turbomachines [10], flow
65control on airfoils for lift augmentation [11], or to enhance their
66maneuvering [12]; also recently DBD has been used in hybrid

Fig. 1 Different implementations of plasma discharge devices:
(a) sliding discharge, (b) dielectric barrier discharge, (c) serial
DBD, and (d) three electrode discharge
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67 systems of control for a 3D complex geometry [13]. In particular,
68 the flow around a cylinder is a common benchmark to study wake
69 flows and to evaluate active control characteristics: (1) the abso-
70 lute instability and its small receptivity to extrinsic perturbations
71 ensures the high portability of the results, (2) this flow counts with
72 an extended flow control bibliography, and an already consequent
73 one using plasma actuators [5,14–21], (3) the high-induced
74 momentum by TED can be a key enabler in frustrating the
75 B�enard–von K�arm�an (BvK) instability. In Ref. [17], the authors
76 performed an interesting survey of the DBD actuator to modify
77 drag and lift forces. They have found important energy savings
78 related to drag reduction and claimed that these could be
79 improved through optimization of the actuator design and the high
80 voltage power-supply.
81 However, some drawbacks that are inherent to DBD actuators
82 can be mentioned: (1) the wetting of electrodes largely alters the
83 discharge and the actuator performance; (2) the device is sensitive
84 also to other environment conditions such as atmospheric pres-
85 sure, temperature, and air humidity that modify the dielectric
86 properties of the fluid (breakdown voltage, onset, …) and there-
87 fore actuator performance; (3) the high voltage and high frequen-
88 cies required to operate the device induce high electromagnetic
89 noise that might disturb or damage neighboring electronic
90 systems; (4) as byproduct of the discharge dangerous/polluting
91 species such as O3 are produced; (5) many applications, such as
92 aeronautics, still require to enhance the momentum added by the
93 actuators as the induced air velocities is limited to a few m/s; (6)
94 the forces produced by a DBD actuator in a flow take place only
95 near the air-exposed electrode and are localized to a few milli-
96 meters in a region with a size similar to the region with visible
97 ionization. Considering this size fixed, scale problems in real size
98 applications may arise when extrapolating results of reduced scale
99 models undertaken in a laboratory environment. Additionally, the

100 control of flow separation with DBD is effective when the actua-
101 tion is produced close to the separation line. Nonetheless, this line
102 may change its position, and the control, therefore, becomes less
103 effective.
104 In order to mitigate the last two problems one strategy is to
105 extend the ionization region or to enlarge the drift regions of ions.
106 This would increase the induced force and also give a larger ver-
107 satility to the actuator. With this goal, one proposition has been to
108 place series of DBD actuator disposed along the streamwise direc-
109 tion (multistep DBD, Fig. 1(c)) [22]. Some drawbacks of this con-
110 figuration related to dead zones of actuation have been signaled in
111 the previous studies [23]. A second proposition, investigated by
112 the seminal work of Louste et al. [24] is to modify the electric
113 field configuration and thus the discharge characteristics including
114 a third electrode (TED, Fig. 1(d)). Different variations to the ini-
115 tial configuration proposed in Ref. [24] have been proposed over
116 time [25–27].
117 While DBD and other blowing actuators have actually a limita-
118 tion concerning the position where momentum is introduced, with
119 TED actuators this position can be enlarged adjusting DC voltage
120 between electrodes [28]. Notably, in the case of wake flow con-
121 trol, TED may provide a dynamically adaptable configuration
122 with respect to the separation line position that depends, for
123 instance, on the Reynolds number.
124 Concerning wake flow, in Sosa et al. [26], the TED actuator has
125 been tested in continuous blowing mode for the flow around a cyl-
126 inder with the objective to reduce the drag force. The main find-
127 ings for the Reynolds numbers considered (8000–10,000) were
128 that the TED actuator achieved higher drag reductions compared
129 to a DBD actuator with the same electrical power consumption.
130 In the present study, the characterization of the TED actuator is
131 continued using a larger parametric study, including periodic forc-
132 ing, in order to energetically optimize the control. Drag forces and
133 the recurrent states of the flow can be inferred from flow fields
134 obtained by means of particle image velocimetry (PIV). Access to
135 vorticity dynamics and reduction of coherent structures is
136 achieved through a clustering technique [29].

137The manuscript is organized as follows: in the next section AQ5the
138experimental setup is detailed; in Sec. 3, the TED actuator para-
139metric study is described, and raw results are presented; drag
140forces and power consumption estimated from PIV measurements
141are shown on Sec. 4; in Sec. 5 drag reductions are discussed by
142means of global mode analysis and a clustering of the instantane-
143ous flow vorticity fields; finally, conclusions on the link between
144drag measurements and the inferred wake dynamics are presented
145in Sec. 6 relating drag measurements to forced wake dynamics.

1462 Experimental Setup

147The experiments were conducted in the Tango wind tunnel of
148the LFD AQ6[19]. The test section of this facility is of 0:5� 0:5 m2,
149and the flow velocity during experiments was set to

U0 ¼ 3:30 ms�1. The wake flow was generated with a smooth
150cylinder of external diameter D ¼ 25� 10�3 m, and length

L ¼ 0:5 m. As the ratio of the width of the test section with the
151cylinder diameter was 20 any blockage effect can be neglected.
152The incoming free stream flow (U0) had fluctuations around the
153mean value of 62% U0. The associated Reynolds number was of
154Re ¼ U0D=� ’ 5500 (assuming a kinematic viscosity

� ¼ 1:5� 10�5). Considering that a wake flow with this Reynolds
155number has a typical value of Strouhal number St ¼ fnD=
156U0 ’ 0:2, the expected natural vortex shedding frequency is

fn ’ 26 Hz. According to the classification of Ref. [30], this cylin-
157der wake flow belongs to the so-called shear layer transition
158regime.
159A 2D PIV acquisition system was used to obtain the two-
160component flow fields at the midspan of the cylinder (Fig. 2).
161Hardware and software implementations used in our experiments
162are similar than those referenced in Ref. [19]. The field of view of
163the experiment was of 130 mm� 90 mm (about 8D� 6D). During
164postprocessing of the images with the PIV algorithm, this region
165was divided into interrogation cells of 16� 16 pixels2 with an
166overlapping of 50% giving a spatial resolution of the vector fields
167of 0:06D. The maximum sampling frequency of the system is
168about fS ¼ 14:8 Hz, and as this value is lower than the expected
169shedding frequency fn, the flow dynamics was subsampled on
170time. Each test was undertaken with an acquisition of 510 succes-
171sive snapshots. Assuming ergodicity, the time average velocity
172fields huðxÞi and fluctuations of the j velocity component hu0jðxÞi
173were determined, respectively, as
174

hu xð Þi ¼ 1

N

XN

i¼1

u x; tið Þ (1)

hu0j xð Þi ¼ 1

N

XN

i¼1

uj x; tið Þ � hujiÞ2
� i 1=2ð Þ

"
(2)

175176We consider a plasma actuator that has been named previously
177as three-electrode-discharge (TED) device. Earlier studies with
178this kind of actuators can be found in Refs. [24,28], and [31]. As
179the name suggests, TED is made of three electrodes as illustrated
180in the scheme of Fig. 3(a). Electrode A is flush mounted and
181exposed to the air; electrode B is encapsulated by a dielectric
182material. Both electrodes are separated by the 3 mm thick cylin-
183drical wall made of PMMA. The downstream edges of electrode
184A are placed at h ¼ 680 deg measured from the upstream stagna-
185tion point. The third electrode is placed downstream at the sym-
186metry plane of the flow. The distance separating the edges of
187electrode A from the edges of electrode C is 20 mm.
188Two configurations are possible with this electrode setup. The
189first one is quite similar to a classical dielectric barrier discharge
190(DBD), as in this configuration electrodes B and C are grounded,
191while the electrode A is energized with a high voltage signal VAC.
192This high voltage signal is produced with a signal generator, an
193audio amplifier, an ignition coil, and a high voltage power source
194(see Ref. [2] for more references). The frequencies and peak to
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195 peak voltages were fixed at 9 kHz and 11 kV. The position of the
196 DBD discharge is similar to the position considered in other previ-
197 ous studies of wake flow control [5,17,26].
198 In the second configuration (TED), the electrodes B and C are
199 also grounded, the electrode A is also excited with an AC high
200 voltage signal but, additionally, a direct current negative high
201 voltage is applied to electrode A producing a negative offset of the
202 voltage reference of this electrode. The peak to peak voltage and
203 frequency of the AC high voltage signal were the same as the
204 DBD tests, and the DC signal was varied within the range VDC 2

½�6 ��� �11� kV. Beyond 11 kV, arc type discharges appears dis-
205 rupting the electrical stability of the system that could damage the
206 equipment.
207 In both configurations, burst modulations of the sinusoidal high
208 voltage signal could be performed as illustrated by Fig. 3(b). The
209 forcing frequency associated with such modulation of period
210 TBurst is ff ¼ 1=TBurst. It is convenient to refer this frequency to
211 the natural vortex shedding, and thus, we define the nondimen-
212 sional frequency fþ ¼ ff =fn. In this work, we have explored non-
213 dimensional frequencies lying in the range fþ 2 ½0:1…5�. The
214 burst modulation allows to introduce a duty-cycle for the signal,
215 DC%, defined as: 100� ðTOn=TBurstÞ, with TOn the time during
216 which the electrodes are energized. This parameter quantifies the
217 fraction of time in which the discharge, and consequently, the
218 forcing is active during one cycle. Higher values of DC produce
219 an increase of the time during which the discharge is ignited and
220 therefore of the time-averaged forcing.

221The intensity of actuation depends on the electrical power sup-
222plied to the system and the efficiency of the system to transform
223the electrical energy to mechanical energy. To quantify the elec-
224trical power, we measured the electric currents IBðtÞ and ICðtÞ
225with shunt resistances (R ¼ 50 X) connected to an oscilloscope.
226The voltage applied to electrode A was measured with a high volt-
227age, high frequency measurement probe.
228There exist other configurations of TED devices that have been
229reported in the previous works [26–28]. When the electrode C is
230connected to a high voltage negative DC and electrode A to AC
231voltage, the discharge has been named sliding discharge, and the
232ionizatzion of air is visible in all the space between electrodes A
233and C. When the electrode C is connected to a high voltage posi-
234tive DC, the discharge has been named enhanced DBD. This last
235configuration is equivalent to the one we analyze here in which
236the offset of the voltage of electrode A is negative, and electrode
237B and C are grounded. It has been previously reported [28] that, in
238contrast to the results obtained with the sliding discharge, the
239application of a positive DC component to electrode C (or equiva-
240lently a negative DC to electrode A) has, for the same AC HV, a
241similar electrical power consumption than a classical DBD
242configuration.
243Figure 4 shows the electrical power consumption P (mW/m)
244for the TED actuator considering several values of the absolute
245value of VDC. While pure DBD configuration, (VDC¼ 0) consumes
246565 mW/m, TED configuration show lower values of power con-
247sumption, with a minimum Pmin ¼ 398 mW=m at around

VDC ¼ 10 kV. As we focus on results with VDC¼ 11 kV we can
248take PTED¼ 425 mW/m as a reference value.

2493 Induced Electric Wind

250In order to quantify the “electric wind” momentum that can be
251added to the flow, PIV measurements have been achieved in a low
252velocity configuration. The use of a low velocity flow, instead of
253quiescent air, allows to uniformize the seeding and minimize the
254effects associated with the electrical charging of the tracers. Trac-
255ers in proximity of the discharge region may acquire electrical
256charge by different mechanisms like for instance ion impact. Fur-
257thermore, momentum injection in a quiescent fluid environment
258may develop recirculation regions that tend to increase the pres-
259ence of these charged tracers in the field of view of the experi-
260ment. Thus, PIV experiments performed in a quiescent
261environment may become contaminated by this effect as tracers
262may suffer an electrical force that is absent in the neighboring
263neutral fluid particles. The effect can be reduced by a suitable
264choice of tracers [1] but a small imposed flow allows a regular
265renewal of particles, helping to eliminate the recirculation regions

Fig. 3 (a) Schematic and detail of the EHD actuator, electric circuit with the electrodes flush-
mounted and (b) typical burst input waveform applied to the electrodes

Fig. 2 Scheme of the region analyzed with PIV
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266 and thus removing the charged tracers from the field of view of
267 the experiment. In these measurements, a characteristic velocity

U0 ’ 0:24 m=s has been used (Re ’ 400), which is still consider-
268 ably smaller than the values usually reported for DBD plasma
269 actuators induced velocities, of the order of 2–5 m/s.
270 Figure 5(a) shows the mean velocity profiles at the downstream
271 position x=D ¼ 4 when this reduced free-stream velocity is
272 imposed in the wind tunnel. The analysis of this figure reveals that
273 the velocity profiles have a gaussian shape, that can be character-
274 ized by the maximum value Vj and a characteristic width b that
275 we take equal to the distance between the maximum and the posi-
276 tion associated to the standard deviation value.
277 The nondimensional momentum number Cl ¼ V2

J b=ðU2
0DÞ can

278 be used to compare the induced momentum by the electric wind
279 against the characteristic momentum flux of the free stream when

U0 ¼ 3:3 m=s (or equivalently when the flow is at Re¼ 5500).
280 The results are summarized in Fig. 5(b) where we plot the induced
281 momentum against the input voltage VDC.
282 As Fig. 5(b) shows, and in agreement with the previous results
283 [26], a strong induced momentum increment is observed when
284 raising the absolute value of VDC. Considering that in classical
285 DBD devices the negative discharge (occurring during the nega-
286 tive half-cycle) produces a faster acceleration of the fluid than the
287 positive one [28,32], it has been previously argued that the
288 increase of induced momentum observed for the TED configura-
289 tion is a consequence of a higher acceleration of the negative
290 space charge created during the negative half-cycle.

2914 Drag Forces

292In this section, time-averaged drag forces are estimated from
293PIV velocity fields. The power savings from flow control com-
294pared to the power consumed by the EHD actuators are discussed.

2954.1 Calculation of Forces With PIV. We have calculated
296the drag forces exerted by the flow on the cylinder from the veloc-
297ity fields. There are different approaches to achieve this goal in
298the literature (see for instance [33]), and we consider one which
299principle consists in integrating both momentum budget in a con-
300trol volume V and pressure forces on the corresponding boundary
301surface S

F tð Þ ¼ � D

Dt

ð
V

qu dvþ
ð

S

�pIþ Tð Þ � n ds (3)

302303where u is the velocity field, q is the fluid density, p is the pressure
304field, I the unit tensor, T ¼ lðruþrTuÞ is the viscous stress
305tensor, the viscosity l and n, a unitary vector field orthogonal to
306the boundary S. Neglecting the effect of inhomogeneities in the
307flow along the spanwise direction, the projection of time-averaged
308Eq. (3) in the streamwise direction yields

hFDi ¼ �q
ð

S

huxihuyids� q
ð ð

S

hu0xu0yids�
ð ð

S

hpids

þl
ð ð

S

@huxi
@y

h@uyi
@x

ds (4)

Fig. 4 Electrical power consumption for TED actuator (squares). Dotted line represents DBD
actuator consumption.

Fig. 5 (a) Wake velocity profiles for nonforced and forced flow at x 5 4, and (b) normalized
momentum flux produced by TED actuators
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The main difficulty of this expression is the estimation of the pres-
309 sure field from the 2D velocity field. This is achieved either by
310 means of the Poisson equation (see e.g., Ref. [34]), or by integrat-
311 ing the Navier–Stokes (NS) equation along the control surface
312 [35]. This latter idea has been refined by Kurtulus et al. [33]: the
313 NS equation is integrated only in the wake region, while the Ber-
314 noulli equation is used in the slowly evolving potential flow
315 region. Thus, obtaining the pressure p along a s� curve is
316 achieved by the following equations:

pðsÞ ¼ pðs� dsÞ þ rp � ds; on the downstream frontier (5)

p sð Þ ¼ @/=@tþ p0 �
1

2
qjhuij2; otherwise (6)

317318 where / is a time invariant potential for the flow. The dominating
319 term for the estimation of the force is the average @hpi=@y at the
320 control volume boundary which is immersed in the wake. Those

321are displayed in Fig. 6, where unforced flow (a) is compared to
322TED forced flow (b) with VDC ¼ �11 kV, Cl ¼ 0:15, and fþ ¼ 1.
323For the unforced flow, CD ¼ 2Fx=qU2

0DL ’ 1:1. Being this
324value in good agreement with the available experimental data of
325the literature (see for instance the values reported in Ref. [36] for
326Re¼ 5500) we assume that the drag estimation strategy consid-
327ered is adequate for our study.
328In order to evaluate the measurement uncertainty, the estima-
329tion of CD is obtained for 64 different boundaries for the control
330volume, dashed lines in Fig. 6, within 61D of the boundary used
331for the nominal CD value. The standard deviation of these values
332are used as indication of the uncertainty and represented by error
333bars in Fig. 7.
334Before exploring the effect of periodic forcing, stationary forc-
335ing is evaluated as a baseline case.
336Figure 7 compares the evaluated drag force for the unforced
337flow, stationary DBD-actuated flow and stationary TED-actuated
338flow with increasing values for the negative DC voltage applied
339on electrode C.

Fig. 6 Contour levels for the time-averaged y-component of pressure gradient h›p=›yi for nonforced flow (a) and under TED
VDC 5 211 kV, f 1 5 1 (b). Dashed lines show control volume boundaries.

Fig. 7 Drag coefficient estimation for the unforced case (solid line), DBD and TED enhanced
through stationary forcing mode. Electrode A DC voltage is decreased from 0 to 211 kV so
nondimensional momentum Cl increases monotonically with respect to VDC.
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340 Stationary DBD forcing produces a 20% drag reduction with
341 respect to the natural case using the least favorable uncertainties.
342 This is consistent with drag measurements reported in Refs. [17]
343 and [26]. Negative voltage is then varied between �6 kv and 11
344 kv. As Cl increases (Fig. 5(b)), CD decreases almost linearly from
345 a value close to the DBD-actuated flow (0.8) to CD ’ 0:64 at

Cl ¼ 0:15, when the electric field is the strongest at VDC ¼ �11
346 kV. The decrease of drag in our study is larger than the one
347 reported in the previous experiments [26], but we associate this to
348 difference in the experimental setup and electrode arrangement.
349 Throughout the following results, TED measurements were per-
350 formed imposing VDC ¼ �11 kV.
351 The fluctuations induced by B�enard–von K�arm�an absolute
352 instability are natural targets for any control experiment on the
353 cylinder flow. Hence, and as highlighted by the previous studies
354 [17,20], it is reasonable to perturb the flow at frequencies close to
355 the natural vortex shedding. Setting VDC ¼ �11 kV, periodic
356 forcing is tested with both DBD and TED configurations for a
357 duty cycle DC¼ 50% and fþ 2 ½0:2…5�. The corresponding drag
358 coefficients are presented in Fig. 8. Contrary to Ref. [17], no
359 increase of the drag is detected for DBD forcing frequencies close
360 to the natural vortex shedding frequency. For both actuators
361 (DBD and TED), a strong drag reduction near fþ ¼ 1 is obtained.
362 In order to better characterize this performance, the parametric
363 study has been refined around this value. The global behavior is
364 similar in both configurations: while drag reductions of about 10
365 or 20% are obtained for a number of cases, a dramatic decrease of
366 CD, up to 45% for TED at fþ ¼ 1, is observed. As for the other
367 frequencies tested, the net CD gain is rather constant and close to
368 the DBD forcing case in opposition to the stationary blowing
369 cases. Also, it can be noted a small decrease in CD close to the
370 first harmonic, with a 32% reduction.
371 The role of the duty cycle has been evaluated by varying its
372 value from 6% to 50% and estimating the corresponding CD with

fþ ¼ 1. The corresponding drag coefficients are presented in
373 Table 1. From a first evaluation of these values, large drag

374reductions are observed for DC as low as 31%. Energy savings
375are thus feasible, and this aspect is discuss in what follows.

3764.2 Energy Efficiency. For DC values of the order of 20%, a
377good compromise between the performance (drag reductions of
378about 40%) and energy savings takes place. The power
379associated to drag for the nonforced flow can be roughly estimated
380as PD ¼ FDU0 ¼ qCDU3DL=2 ¼ 296 mW (or equivalently power
381per spanwise unit length PD=m ¼ 592 mW/m). Figure 4 shows a
382consumption of P¼ 425 mW/m for the TED actuator at
383DC¼ 100%, and this value reduces proportionally when reducing
384the DC.
385The dissipated electric power, the reductions of power associ-
386ated to drag forces, and the drag power savings are presented on
387Fig. 9 for a TED actuation and for the different values of DC per
388spanwise unit length. These powers are normalized with the
389power associated to the drag forces in the absence of actuation.
390Analyzing simultaneously Table 1 and Fig. 9(a) one can conclude
391for instance that TED enables for DC¼ 19% a drag reductions
392close to 40% accompanied by a net energy saving of 27%. There
393are other options to quantify net energy savings. Different authors
394have defined for instance coefficients named saving rates or power
395saving ratios depending on the flow-control application consid-
396ered [37]. Jukes and Choi [18] defined an energy efficiency, ge, to
397evaluate cylinder wake control with DBD actuation. This coeffi-
398cient is defined as the ratio of the power saved by drag reduction

DPD ¼ PD0 � PD (with PD0 the power associated to drag when
399the flow is nonactuated) to the electrical power applied to the actu-
400ator, PTED, measured from voltage and current waveforms:

ge ¼ DPD=PTED. Note that using this definition values of ge
401higher than one of this coefficient indicate a net energy saving
402that includes in the energy balance all the chains of efficiency to
403transform to mechanical power the electrical energy supplied to
404the actuator. From a thermodynamic point of view, only control
405systems with ge higher than one are adequate. Jukes and Choi [18]
406found for similar Reynolds number that we consider in this manu-
407script, values of ge of 0.51. It seems pertinent therefore to compare
408our results considering the same coefficient these have proposed.
409We show on Fig. 9(b) the values of ge against DC. This graph
410illustrates that for DC¼ 19% an energy efficiency of 2.9 is
411attained, a value that is largely higher than those reported in Ref.
412[18]. This, however, is not surprising as these authors have
413already signaled in their manuscript that savings rate could be

Fig. 8 Drag coefficient estimation for nonforced case, DBD and TED enhanced (211 kV))
through harmonic forcing at DC 5 50%. Forcing frequencies f 1 5 ff =f0 are from 0.2 up to 5.0,
measurements have been refined around the minimum at f 1 5 1.

Table 1 CD varies at f 151 for duty cycle (DC) values between
6% and 50%

DC 6% 12% 19% 25% 31% 37% 44% 50%
CD 0.98 0.80 0.66 0.67 0.57 0.60 0.57 0.56
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414 improved through the optimization of both actuator design high
415 voltage power supply. To the best of our knowledge, this is the
416 first work that reports a control strategy of a wake flow with
417 energy efficiency larger than one. Note also that these high values
418 of efficiency are accompanied simultaneously with an important
419 drag reduction.
420 In the next paragraphs, we propose to disclose the underlying
421 physical mechanisms associated to this actuation performance
422 observing the time-averaged and dynamical properties of the flow
423 fields.

424 5 Discussion on Drag and Wake Structures

425 In this section, we evaluate the flow dynamics modifications
426 introduced by the actuator considering PIV measurements. First,
427 we analyze mean flow and velocity fluctuations profiles in order
428 to resume and quantify these modifications. Afterward, we recon-
429 struct the vortex dynamics using a clustering technique.

430 5.1 Mean Flow and Global Modes. Stationary and harmonic
431 forcing both produce mean flow modifications as evidenced in
432 Fig. 10. Strong modifications of this field have associated altera-
433 tions of principal coherent structures of the flow [38,39]. At the

434Reynolds number considered, the BvK vortex shedding remains
435the dominating flow structure, and for the unforced case, a recir-
436culation region enclosing two counter-rotating vortices can be
437identified in the time-averaged flow field (Fig. 10(a)). It is possi-
438ble to characterize this recirculation region with the recirculation
439length ‘m defined as the distance between the cylinder and the fur-
440thest downstream point belonging to a closed streamline. For the
441unforced flow, a value ‘m ¼ 2:5D is found. When forcing is
442applied, the recirculation region is largely modified. This is illus-
443trated with the mean flows of actuated cases displayed on
444Fig. 10(b) for DBD and Fig. 10(c) for TED. In both cases fþ ¼ 1
445and DC ¼ 50%, and a strong decrease of the recirculation length
446of 1 to 1:5D (around 50% of ‘m) takes place.
447This is accompanied by a narrowing of the wake and accelera-
448tions of the upstream shear layer region. This last effect is stronger
449with the TED actuator than with DBD as demonstrated by the
450time-averaged velocity profiles huxi in Fig. 11(a). Also further
451downstream, TED actuator produces a much lower momentum
452deficit than unforced or DBD-actuated flows.
453The study of the average fluctuation profiles hu02y i

1=2
(Fig. 11(b)),

hu02y i
1=2

(Fig. 11(c)), and hu0xu0yi
1=2

(Fig. 11(d)) reveals that both

454TED and DBD actuated flows, reduce the momentum deficit.
455There, TED forcing presents the largest reductions, particularly on

Fig. 9 (a) Electric power PTED, drag dissipated power PD and total lost power PTED1PD as duty
cycle DC rises. Values are normalized with the power associated to drag forces when no actua-
tion is imposed PD0. A maximum 27% net energy saving can be achieved for a 19% duty cycle,
still corresponding to a 40% drag reduction. (b) Energy efficiency versus duty cycle for TED
actuation. In both figures Re 5 5500 and f 1 5 1.

Fig. 10 (a) Mean flow streamlines and velocity modulus contours for Re 5 5500, (b) DBD forcing at f 1 5 1; DC 5 50%, and (c)
TED forcing at f 1 5 1; DC 5 50%
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Fig. 11 Time-averaged velocity moments profiles: (a) hux i, (b) hu0y2i1=2, (c) hu0x2i1=2, and (d) hu0x u0y i. The profiles are taken at
positions x=D ‰ ½1;2;3; 4; 5�.

Fig. 12 Global mode shape modification under TED actuation for different forcing frequencies.
The black thick line stands for global mode of the nonforced case.
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hu02y i
1=2

. As discussed in Refs. [40,41], this term is linked to the

456 time-average pressure distribution in the wake hpi � p0 ¼ �qhu02y i.
457 The decrease in the fluctuations in the wake under both EHD actua-
458 tions suggests a weakening of the intensity of vortex shedding in
459 those configurations.
460 The dynamics of wake flows can be modeled considering them
461 as a propagating wave, with an amplitude (determined by the fluc-
462 tuating component of velocity) that grows from the origin, reaches
463 a maximum and decays afterward. The spatial envelope of this
464 coherent oscillation gives the amplitude of the so-called global
465 mode (see e.g., Ref. [38]), for which the dominant contribution is
466 given by the first harmonics. Figure 12 presents such global
467 modes, taken as the profiles hu02y ðy ¼ 0Þi1=2

, for the unforced flow
468 (solid black line) and TED actuated flows at different forcing fre-
469 quencies. The unforced global mode reaches a maximum ampli-
470 tude, about 0.57, at xM ¼ 2:5D, a value which is a measure of the
471 vortex formation length [42] and quite comparable with the recir-
472 culation length ‘m. When the forcing frequency is fþ ¼ 1, then,

xM ’ 1:9. The associated amplitude of fluctuations hu02y i
1=2

at the
473 maxima is quite the same than the one observed the nonforced
474 case. For higher forcing frequencies, fþ ¼ 1:27; 1:54; 2:35 the
475 amplitude of the fluctuations is higher and attains values close to
476 0.64. We detailed, in the corner of Fig. 12, the behavior of the
477 flow when the forcing frequency is around fþ ¼ 1. The global
478 mode shape changes remarkably when f þ is away from one.
479 It can be noted that in the context of rotatory oscillations
480 [43,44], forcing at fþ ¼ 1 produces forced shedding modes locked
481 to the absolute instability frequency. BvK structures are thus

482enhanced, and velocity fluctuations increase. On the contrary, the
483EHD actuators in the present study act symmetrically in both sep-
484arating boundary layers. They introduce momentum at the same
485time at the cylinder wall and thus perturb the antisymmetrical nat-
486ural vortex shedding process, decreasing the global mode
487amplitudes.
488In Ref. [17], the authors indicate that an intermittent synchron-
489ized vortex shedding mode (Fig. 17 therein) may appear. The
490inspection of the instantaneous vorticity fields of DBD and TED
491cases of our study revealed in some cases the same type of vortex
492pattern these authors found. However, also classical BvK vortex
493structures were present in many snapshots. The acquisition fre-
494quency of the available PIV system (15 Hz) is below the natural
495frequency of the absolute instability (26 Hz for

St ¼ fD=U ’ 0:2), and thus, the dynamics of the flow was not
496time-resolved and no direct verification of the flow dynamics
497reported by Jukes and Choi [17] could be performed. In the next
498paragraph, we show a data treatment that gave us the opportunity
499to explore this aspect nonetheless.

5005.2 Clustering Technique. As the dynamics of the flow
501could not be directly captured due to the low acquisition fre-
502quency, an indirect method was considered. For forced flows, a
503regular periodicity of the flow can be well established when lock-
504in regimes are attained. In the present work, even while the wake
505is periodically forced, the induced electric wind velocity is rela-
506tively small compared to the free flow velocity U and lock-in
507regimes are difficult to establish. Thus, instead of relying on

Fig. 13 For the nonforced flow, clusters portrait the vortex shedding dynamics from vorticity contour lines (solid for positive
values and dashed for negative values) within one period. The number of snapshots involved is shown in each subplot; initial
clusters are placed after the last one to complete the loop.
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Fig. 14 (a) Phase portrait from SVD of the vorticity clusters, three modes are enough to describe the dynamics
of vortex shedding. A limit cycle attractor is emphasized by a minimum distance plane to the data, and a close
curve that connects the centroids. (b) The result is clearer after a 2D projection onto the plane.

Fig. 15 Eleven clusters portrait the vortex shedding dynamics from vorticity contour lines within one period. The number of
snapshots involved is shown in each subplot; initial clusters are placed after the last one to complete a loop. We observe two
distinct regimes which correspond with BvK-like vortex shedding and two vortex sheets produced by DBD momentum
injection.
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508 simple-phase averaging techniques, a clustering technique, named
509 k-means algorithm, was used to classify the acquired PIV fields
510 and obtain a number of different representative states. This tech-
511 nique was introduced in the fluid mechanics community by Bur-
512 kardt et al. [29]. Later, it was further developed by Kaiser et al.
513 [45] to obtain the cluster-based reduced-order modeling (CROM)
514 technique, that is, a statistical alternative to classical POD-
515 Galerkin methods to obtain reduced-order empirical models. As
516 time-resolution data are not available here, the full extent of
517 CROM can not be used. Still the k-means clustering algorithm can
518 be used to identify the different recurrent states of the coherent
519 structures for this wake flow and their sequence.
520 The k-means algorithm [46,47] is a classification algorithm
521 which aims at minimizing the average distance between a speci-
522 fied number Nc of points (called centroids) and the data in the
523 phase space. Here, a point x in the phase space representing one
524 PIV snapshot is defined by the 3046 vorticity values obtained
525 from said PIV snapshot in the spatial domain

x 2 ½1D 6D�; y 2 ½�2D 2D�. Thus, the ith PIV field (out of 520 for
526 each experiment) is defined by xi. The distance between two
527 points is simply defined as the euclidean norm dðxi;xjÞ

528 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3046

l¼1 ðxiðlÞ � xjðlÞÞ2
q

.

529 The Nc centroids ck, k 2 ½1;Nc� are initialized with Nc random
530 PIV fields. The following algorithm is then applied:

(1) the distance matrix Dk
i is constructed so that

Dk
i ¼ dðxi; ckÞ.

(2) each snapshot xi is assigned to the centroid closer to its
531representation in the phase space.

(3) each centroid is displaced to the barycenter of the points
532representing its assigned snapshots.

(4) if no centroid is displaced, the method is stopped, otherwise
533it is iterated from Eq. (1).

534When the method is stopped, Nc centroids are obtained, each
535one of them representing average states issued from the data and
536as separated as possible one from the other. A representation of a
537characteristic state of the flow can then be obtained by averaging
538all snapshots belonging to the same cluster. This method can be
539considered as a generalized phase averaging technique without
540the necessity of a strict periodicity of the phenomenon.
541In this study, Nc¼ 11 clusters are used. This number is deter-
542mined empirically by increasing Nc until the number of snapshot
543per cluster becomes statistically nonsignificant. The average vor-
544ticity field corresponding to each cluster is represented in Fig. 13
545for the nonactuated flow.
546As time resolution is not available, it is not possible to build the
547transition matrix that CROM uses to build a Markov’s chain.
548Here, the order in which the clusters are explored by the flow can
549be deducted with the help of a cross-correlation between the cent-
550roids to build a chain of closest centroids. In Fig. 13, the clusters
551are ordered from top left (0) to right down (10), and the number of
552snapshots contributing to each cluster is displayed.
553In order to reach a better description of this nonlinearly satu-
554rated oscillator, the 3046-dimensional data of the space phase is

Fig. 16 Idem Fig. 15 for TED momentum injection
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555 projected on three (respectively, two) dimensional subspace. The
556 projection vectors are obtained using the three (respectively two)
557 highest singular values of the correlation matrix of the clusters as
558 described in Ref. [45]. In Fig. 14, every snapshot has been placed
559 in the projection space, along with the centroids, indicated by their
560 number. Snapshots belonging to the same cluster are in the same
561 color.AQ7 The resulting visualization displays the different snapshots
562 placed close to a limit cycle indicated in red. This is coherent with
563 the known behavior of the cylinder flow as a nonlinearly saturated
564 oscillator limit cycle [39,48]. This kind of representation is close to
565 what could be obtained with the first POD temporal modes [49].
566 Clustering technique is now applied to analyze the forced flow
567 cases, particularly to those which present the optimum actuation
568 to reduce drag forces on the cylinder. The contour levels for clus-
569 ters that correspond to DBD configuration with a forcing fre-
570 quency of fþ ¼ 1 are shown on Fig. 15. Remarkably, one of the
571 clusters of the set cannot be easily included in a classic vortex
572 shedding scenario. The cluster 0 (top, left) presents a symmetrical
573 pattern with a distinct phase portrait than the others. The clusters
574 1–10 are asymmetric and display a BvK-like configuration in
575 which formation and shedding of vortices are clearly near to the
576 cylinder. Additionally, a similar scenario is found using the TED
577 (fþ ¼ 1) as shown by the vorticity contour of each centroids on
578 Fig. 16. In this case, the number of clusters with a symmetric-like
579 vortex pattern increases (clusters 0,1,2), and BvK-like pattern
580 develops in clusters 3–10.
581 Phase-space diagrams in Fig. 17 bring further light on these
582 results. Figure 17(a) shows the 2D projection of the phase space
583 for DBD actuation. BvK-like mode is distinctly observed with
584 clusters centroids coherently connected, following the solid line,
585 from 1 to 10. The symmetric pattern, cluster 0, is centered, equally
586 distant from BvK modes trajectory. Similarly, TED forcing pro-
587 duces similar dynamical states which are represented in a more
588 compact shape in the phase space of Fig. 17(b). Two distinct
589 dynamical states are distinguishable: on one hand BvK-like mode
590 from clusters 1 to 7 and on the other hand clusters 0,1,2 stand for
591 symmetric vortex configuration.
592 There is a higher number of snapshots that belongs to the sym-
593 metric pattern with the use of TED, 28% of total, than with the
594 use of DBD, 6%. TED forcing for this experimental setup there-
595 fore favors the formation of this symmetrical mode. This result is
596 consistent with the observed improvements in drag reductions
597 with TED actuation. A discussion on the link between vortex
598 dynamics and forces in the wake flow is provided in the frame of
599 the “impulse formula” presented by Saffman [50], F ¼ �d=dt
600

Ð Ð
S
r� xdS. An order of magnitude for the streamwise projection

601 of the force in this expression can be obtained evaluating

N ¼
Ð Ð

S
jyjjxjdS in our clusters. In this sense, for nonforced flow,

N ’ 21 for clusters in Fig. 13. On the other hand, TED controlled
602flow, Fig. 16 gives N ’ 13 (clusters 1 to 3) and N ’ 18 (clusters
6034 to 11).
604The larger recurrence of symmetric states can be thus associ-
605ated to reductions of drag in wakes. This is in agreement with the
606theoretical results shown in Ref. [51] page 225, regarding vortex
607arrangements and their associated momentum in potential flow.
608Considering this approach, vortex symmetric configurations in a
609wake will produce a lower momentum deficit than asymmetric
610ones of the same intensity.
611The symmetrical vorticity configuration has been observed by
612other researchers that have excited periodically the flow with sym-
613metric forcings [52,53]. They have found that these patterns tend
614to occur when increasing the amplitudes of excitation.
615In our work, the presence of symmetrical wake structures is
616more recurrent with TED actuation than for DBD, probably
617because TED produces stronger streamwise momentum. This is
618revealed by the larger proportion of snapshots where the flow
619shows a symmetrical structure.
620Additionally, TED allows to control the size and position of the
621ionization region adjusting electrical parameters, and consequently,
622gives the possibility to tune the location of the resulting electrical
623force. This can be also done with DBD actuation but is restricted to
624a few millimeters. Therefore, TED is more versatile than DBD.
625DBD streamwise ionic wind may be also optimized through geom-
626etry modifications, i.e., moving downstream the position of the
627electrodes, but a similar effect is achieved just varying the voltage
628of the third electrode at the back stagnation point.
629The statistical symmetrization of the wake is correlated with
630larger reductions of the drag associated to TED forcing. This can
631be explained in terms of alterations of the time-averaged flows
632and of velocity fluctuations. Recalling Sec. 4, Eq. (4), and Fig. 11,
633we can distinguish the terms that contribute to drag production.
634BvK-like mode promotes larger velocity fluctuations increasing

635the term q
Ð Ð

Shu0xu0yids. Besides, these fluctuations decrease the

636pressure in the near wake producing a large pressure termÐ Ð
Shpids. Effectively, earlier studies show that the asymmetry of

637the vorticity accounts for a larger part of the drag [54] through a
638mean flow correction. A forcing that increases the recurrence of
639symmetric states therefore promotes larger reductions of drag. It
640has been also reported in the context of studies on propulsive
641wakes [40,41] that the average of the square of velocity fluctua-
642tions is linked to the pressure distribution in the wake. Hence,
643larger fluctuations produce larger deficits of pressure in the wake
644and in consequence larger drag forces. In our case, the vorticity
645fields of the clusters show a reduction of intensity for the actuated

Fig. 17 Phase portrait from SVD of the vorticity clusters, three modes are enough to describe the dynamics of
vortex shedding modified by actuation. Regimes identified in Fig. 16 correspond to the outer (BvK-like regime)
or inner (TED momentum injection) phase space regions.
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646 cases a phenomenon that is accompanied by simultaneous reduc-

647 tions of velocity fluctuations
ffiffiffiffiffiffiffiffiffi
hu02y i

q
observed in Fig. 12. There-

648 fore, the reduction of fluctuations we observe with the TED
649 forcing is a desirable effect that contribute to reduce of drag.

650 6 Summary and Conclusions

651 Significant drag reductions, about 40%, can be achieved by
652 means of forcing with TED actuators for the cylinder wake flow
653 at Re¼ 5500. This has been obtained at the natural vortex shed-
654 ding frequency fþ ¼ 1. Electrical power consumption was meas-
655 ured in order to quantify the cost of the control. The TED actuator
656 at fþ ¼ 1, DC¼ 30% consumes the equivalent of 20% the drag
657 energy loses, while it is able to reduce drag by 40%. Energy effi-
658 ciency value for this case is as high as 2.22. The result suggests
659 that TED actuation is a very efficient tool to govern the wake flow
660 around cylinders in the Reynolds numbers range considered.
661 Thus, it is a promising technique for flow control optimization for
662 other Reynolds numbers and geometries. On one hand, for lower
663 Re, the required induced momentum to produce symmetrical vor-
664 ticity patterns should be smaller. So, the actuator should not have
665 any issues to provide an efficient control. On the other hand, for
666 higher Reynolds numbers, the limitation is given by the maximum
667 induced velocity Ve that can be sustained by these actuators (�10
668 m/s) compared to the free stream velocity U0. As long as experi-
669 ments remain in the shear layer transition regime
670 (103 < Re < 2� 105 [30]) and the ratio Ve=U0 is not drastically
671 changed, one would expect similar results. The interest of this
672 work, however, does not restrict on reporting these outstanding
673 characteristics of the performance of TED actuators but also on
674 trying to explain the fluid physics associated.
675 Drag forces and a portrait of the wake fluid dynamics were esti-
676 mated from a first analysis of PIV measurements. The focus was
677 placed on harmonic forcing for values of the frequency in the
678 neighborhood of the natural vortex shedding fþ � 1. Significant
679 modifications of the mean flow velocity fields were introduced by
680 TED actuators with these forcing parameters.
681 It was observed through global modes analysis that minimum
682 drag is achieved when transverse velocity fluctuations hu0y2i are the
683 smallest at fþ ¼ 1. As proposed by Raspa et al. [41], this result
684 seems to corroborate that wake drag reductions occur when trans-
685 verse momentum exchange is minimized. TED-induced flow pro-
686 duces a symmetric vortex configuration and lower fluctuations

hu0y2i. This leads to a more favorable pressure distributions contrib-
687 uting to diminish drag forces especially when fþ ¼ 1. The high
688 performance of the actuation is manifested when comparing this
689 device to asymmetric ones, e.g., rotatory oscillations, in which only
690 asymmetric vortex distribution can be reinforced by the actuation.
691 A clustering analysis with the experimental vorticity fields was
692 performed in order to bring more support to the results. This tool
693 enabled the reduction of the dynamics of coherent structures and
694 also the classification of PIV snapshots. For the case in which TED
695 forcing produces maximum drag reduction, clusters with asymmetric
696 vorticity distributions (in a B�enard Von K�arm�an vortex like configu-
697 ration) and clusters in which symmetry of vorticity fields prevails
698 were identified. In the first kind of clusters, a shortening of the vortex
699 detachment region is visible due to forcing. Additionally, as larger
700 numbers of symmetric clusters are correlated to larger drag reduc-
701 tions, and it is worth mentioning that the symmetric vortex configu-
702 ration plays a fundamental role on drag reduction.
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Nomenclature706

707 ai ¼ projection of x onto POD i� mode
708 b ¼ characteristic width of the plasma-induced jet

709b1, b2 ¼ 2D projection of ða1; a2; a3Þ POD modes
710BvK ¼ B�enard von K�arm�an
711CD ¼ drag coefficient

Cl ¼ nondimensional momentum number
dðxi;xjÞ ¼ distance between PIV snapshots (i and j) for the flow

712vorticity
713D ¼ cylinder diameter

Dk
i ¼ distance matrix

714DBD ¼ dielectric barrier discharge
715DC ¼ duty cycle for the electrical signal

DC% ¼ electrical duty cycle
716F ¼ resultant force on the cylinder
717fn ¼ natural vortex shedding frequency
718fS ¼ sampling frequency
719ff ¼ forcing frequency
720FD ¼ drag force on the cylinder
721fþ ¼ nondimensional forcing frequency
722G ¼ DBD induced flow rate
723I ¼ unit tensor
724IB, IC ¼ electric currents
725L ¼ cylinder length

‘m ¼ recirculation length
726N ¼ number of velocity fields snapshots
727Nc ¼ number of clusters
728p ¼ pressure
729P ¼ electrical power consumption
730PD ¼ drag power associated to drag

PD0 ¼ drag power associated to drag for the nonforced flow
731PTED ¼ electrical power consumption for the TED actuator
732PIV ¼ particle Image velocimetry
733Re ¼ Reynolds number
734s ¼ curve coordinates
735S ¼ boundary surface for the control volume
736St ¼ Strouhal number
737t ¼ time
738T ¼ viscous stress tensor
739ti ¼ time of a snapshot
740TBurst ¼ forcing period by burst modulation
741TBurst ¼ burst period to modulate the DBD signal
742TOn ¼ time during which the electrodes are energized
743TON ¼ time corresponding to DBD signal operating
744TEHD ¼ period of the DBD signal
745TED ¼ three-electrode device
746u ¼ velocity field
747uj ¼ 748j-component of the velocity field

ðujÞ0 ¼ fluctuations for the uj component
749U0 ¼ upstream free flow velocity
750Uj ¼ DBD induced jet velocity
751� ¼ kinematic viscosity
752V ¼ control volume
753VJ ¼ maximum velocity value of the plasma-induced jet
754VAC, VDC ¼ alternating, direct current voltagem, respectively
755x ¼ spatial coordinates
756x, y, z ¼ streamwise, transversal and spanwise spatial
757coordinates
758xM ¼ position of the maximum amplitude for the global
759mode
760xM ¼ position of the maximum amplitude for the global
761mode

DP ¼ drag power saved by drag reduction
762ge ¼ energy efficiency
763q ¼ density

/ ¼ time invariant potential for the flow
764x ¼ flow vorticity
765xi ¼ 766i-PIV snapshot for the flow vorticity

hi ¼ time average operator
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