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a b s t r a c t
Active ﬂow control around a two-dimensional geometry positioned near the ground is
experimentally studied. Results for two model conﬁgurations are reported: one square-back
and the other with a ﬂap added at the rear-corner. The model rear end static pressure
and the near-wake ﬂow properties are derived from wall-pressure measurements, highspeed Particle Image Velocimetry acquisitions and hot-wire anemometry. The control ﬂow
is obtained from a pulsed jet system driven in open loop. The study aims at distinguishing
the individual inﬂuence of the passive ﬂap and the control system. The actuation frequency
is shown to be a determining parameter regarding rear end pressure increase.
© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction
The objective of the present contribution is to demonstrate the effects of ﬂow control on a two-dimensional bluff body,
studied experimentally, and to ﬁnd the relationship between the surface static pressure at the rear end of the model and
the main characteristics of the wake ﬂow.
Wake characteristics behind a two-dimensional bluff body depend on numerous parameters such as the Reynolds number, the characteristics of the incoming boundary layer developing on the body and the possible proximity of a wall. For
instance, Shi et al. [1] investigate experimentally the inﬂuence of the ratio G / L for a cylinder with a square section of sides
L positioned at a distance G from the ground. A decrease of this ratio allows mitigating, or even suppressing, the periodic
vortex shedding phenomenon. Thus, the ﬂow behind the body consists of an area of separated ﬂow presenting a degree
of intermittences depending on the ratio G / L. Aerodynamic forces such as lift and drag are strongly dependent on this
parameter.
Aerodynamic drag reduction can be achieved by the use of different passive or active ﬂow control solutions. Typical
passive solutions, such as ﬂaps or a boat tail positioned at the rear end, usually allow reducing the aerodynamic drag
by vectoring the mean ﬂow, thus narrowing the wake size. Both experimental [2,3] and numerical [4] studies taking into
account ground effects show signiﬁcant drag reduction using ﬂaps or a boat tail. However, the eﬃciency of such solutions
remains limited by the low ﬂap inclination needed for the mean ﬂow to stay attached.
Regarding active solutions, numerous studies as in [5,6] show that pulsed or synthetic jets positioned near the natural
separation line allow delaying or suppressing the ﬂow separation phenomenon. These two different types of ﬂuidic actuators
differ by their average mass ﬂow, the pulsed jet having a positive net mass ﬂow and the synthetic jet a zero net mass ﬂow.
Considering the interaction between an actuator coupled with a rectangular nozzle and a boundary layer developing on
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Fig. 1. Sketch of the experimental set-up. The model is represented here in the ﬂap conﬁguration; the square-back conﬁguration is similar, the ﬂap excepted.

a two-dimensional cylinder [7] or a ramp [8], the blowing phase of the jet generates a vortex structure leading to a local
pressure decrease forcing the ﬂow to reattach to the wall downstream of the natural ﬂow separation line. In the speciﬁc
case of synthetic jets, this effect is even stronger due to the suction phase occurring consecutively to the generation of the
vortex structure. Hence, this forced reattachment induces a mean deﬂection of ﬂow streamlines in direction of the wall
downstream of the jet slot.
The effects of synthetic jets on detached ﬂows are studied by Chun et al. [9] and Hasan [10] for a backward-facing
step and Dandois et al. [8] for a two-dimensional ramp. These authors show that actuating a synthetic jet within a certain
frequency range leads to a reduction of recirculation length, due to an increase in the intensity of velocity ﬂuctuations within
the shear layer issued from the ﬂow separation. This frequency range is interpreted in these references as a signature of the
existence of a convective ﬂow instability.
Most studies involving pulsed or synthetic jets applied to simpliﬁed square-back geometries do not take the ground effect
into consideration. Pastoor et al. [11] and Krajnovic et al. [12] study the wake ﬂow mechanisms resulting from synthetic
jets applied to a two-dimensional square-back geometry. Without ground proximity, they show that the use of synthetic
jets at the rear end edges of the model allows forcing symmetric vortex shedding and thus delaying the wake instabilities.
In this case, an increase of 40% of base pressure is obtained. El-Alti et al. [13] show numerically that combining ﬂaps with
synthetic jets can even further increase the base pressure.
Krentel et al. [14] investigate experimentally the inﬂuence of a pulsed jet system on the recirculation area behind a
three-dimensional square-back model close to a ﬂoor and obtain a drag reduction of only 2.2%. Wassen et al. [15] perform
numerical simulations on the same geometry and obtain a similar drag reduction with close to zero net power savings.
The aim of this experimental investigation is to study how a pulsed jet system combined with a passive ﬂap modiﬁes
the aerodynamic drag acting on a two-dimensional square-back bluff body in ground proximity, this drag being mainly due
to pressure losses at the geometry rear end. Two different model conﬁgurations are tested: a square-back conﬁguration and
a ﬂap conﬁguration. These two conﬁgurations allow estimating the individual inﬂuence of the passive ﬂap and of the active
ﬂow control system on the static pressure at the model rear end.
2. Experimental setup
Experiments are conducted in an open test section wind tunnel. The ﬂow comes out of a nozzle with an exit square
section of 500 × 500 mm2 . The free stream velocity U ∞ is set to 25 m/s and constantly monitored by using a Pitot tube.
The model used is a two-dimensional bluff body represented in Fig. 1, which illustrates a side view of the test set-up.
This model is positioned at a distance of 300 mm from the nozzle. Its length L, height H and width W are respectively
555 mm, 100 mm and 380 mm, resulting in a Reynolds number of Re H ≈ 176 000.
The ground clearance G is set to 4 mm (i.e. G / H = 4%) in order to take the ground proximity effect into account and to
reduce the underside ﬂow velocity U u . This height ratio results in a velocity ratio U u /U ∞ of 0.6. Two lateral transparent
plates are positioned on each side of the model to ensure two-dimensional ﬂow properties in the central part of the latter,
where pressure and velocity measurements are performed. These properties are conﬁrmed in the central upper part of the
model by comparing the velocity proﬁles at different locations in the Y direction, 5 mm upstream the rear edge. In the
conﬁguration without ﬂap, the velocity proﬁles compare well over at least 60% of the model width, the reference proﬁle
being that measured in the median plane. In this plane, the associated momentum thickness θ is 4.6 mm.
In this study, the ﬂap angle and length are chosen as β = 20◦ and l = 50 mm. The control ﬂow is generated by a pulsed
jet system, consisting of seven rapid solenoid valves coupled with a row of seven circular-to-rectangular section nozzles.
Each nozzle exit section corresponds to a rectangular slot of thickness e = 0.3 mm and spanwise length w = 50 mm. Slots
are positioned at the upper rear edge of the model and are oriented so that the jet angle with respect to the free stream
ﬂow direction is equal to 45◦ , as illustrated in Fig. 1. The spacing between two adjacent slots is 3 mm. The solenoid valves
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Fig. 2. Mean static pressure coeﬃcient measured at the rear end of the model function of the actuation Strouhal number St H for the square-back and ﬂap
conﬁgurations. St H = 0 corresponds to the cases where pulsed jet system is off.

are driven in open loop and in phase by a Matrix HSDB900 Speed-Up card whose command signal is of square wave type
with an actuation frequency F and a duty cycle of 50%.
Wall pressure measurements are carried out at the rear end of the model. Fifteen wall pressure taps are distributed along
the median plane, each being connected to a Scanivalve system coupled with a Furness 0–200 mm H2 O manometer. Timeaveraged values over two seconds are collected and the average of these values provides an estimate of the mean pressure p
at the model rear end. Particle Image Velocimetry measurements are performed in the near-wake median plane using a
Quantronix Laser (Darwin Duo Nd:YLF Dual Oscillator) and a high speed Phantom V12 camera. Sets of 2500 image couples
are recorded at a rate of 3125 Hz. The dimensions of the ﬁeld-of-view are L X / H = 2.15 horizontally and L Z / H = 1.34
vertically. The magniﬁcation factor of the optical setup corresponds to 0.16 mm/px. Recorded images are processed under
DaVis using interrogation window sizes from 64 × 64 to 16 × 16 px2 and an overlap of 50%.
In what follows, results are presented using four non-dimensional parameters. First, the usual deﬁnition of the momentum coeﬃcient C μ is used with the ﬂow control parameter U j being the jet velocity averaged over an actuation period, s
the total area of the seven jet slots and S the frontal area of the model.

Cμ =

sU 2j
2
SU∞

In the present work, C μ is set at a constant value of 0.06% whatever the actuation frequency F . The corresponding value
of U j has been determined by a hot-wire anemometry study performed at the nozzle exit in quiescent conditions. The
inﬂuence of the actuation frequency F on C p is presented in terms of Strouhal numbers St H based on U ∞ and H or St θ
involving θ .

St H =

FH
U∞

;

St θ =

Fθ
U∞

Regarding pressure measurements, the mean static pressure coeﬃcient is deﬁned as below with
the free stream static pressure:

Cp =

ρ the air density and p 0

p − p0
1
2

ρ (U ∞ )2

It is of interest here to distinguish the effects of the ﬂap itself and the effects of the ﬂap together with pulsed jets. In
the following, the reference case corresponds to the square-back geometry without ﬂap and with the pulsed jet system off.
3. Results
3.1. Mean static pressure measurements
The evolution of the mean static pressure coeﬃcient C p with the actuation Strouhal number St H is given in Fig. 2. Results
are provided for two conﬁgurations: the square-back conﬁguration and the ﬂap conﬁguration. The value of C ref
p = −0.178
obtained for the square-back conﬁguration with the pulsed jet system off is considered as the reference value. The black
dashed line in Fig. 2 is a reminder of C ref
p and allows a quick estimate of the pressure gains associated with the use of the
ﬂow control system.
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Regarding the square-back conﬁguration, C p is minimum when actuating at St H = 0.12, which corresponds to St θ =
0.0055; this large decrease in C p with respect to C ref
p is linked to changes in the wake ﬂow characteristics, as will be
described in Section 3.2. In particular, the recirculation length is thought to be substantially modiﬁed, although no attempt
was made to measure it in the present work. Referring to [9], a large decrease in the recirculation length is obtained
for St θ ≈ 0.01, in the case of a conﬁned backward-facing step ﬂow with a Reynolds number of a few tens of thousands.
Nevertheless, despite the differences between the two set-ups, the values of St θ leading to the minimum of the studied
quantities are found to be of the same order of magnitude. Moreover, the evolution of C p with the actuation frequency
compares well to that of the recirculation length given in Fig. 3 of [9].
In any case for the square-back conﬁguration, as shown in Fig. 2, no matter the actuation frequency for the pulsed jets,
C p remains always lower than C ref
p . Therefore, the pulsed jet system by itself does not provide any reduction in pressure
drag.
Considering now the ﬂap conﬁguration, the addition of the ﬂap corresponds to a slight pressure recovery leading to a
value of C p equal to −0.164 with the pulsed jet system off. When the pulsed jet system is on, the evolution of C p with
St H consists, as observed for the square-back conﬁguration, in a decrease followed by an increase which begins at a lower
frequency than that of the square-back conﬁguration. With respect to this conﬁguration, the drag penalty is weaker and
occurs over a narrower St H range. For higher St H , C p keeps increasing and seems to reach an asymptotic value leading to
a signiﬁcant drag reduction.
3.2. Time-averaged properties of the near-wake ﬂow
For cases selected on the basis of C p results, PIV measurements have been carried out. In the following, results obtained
with square-back and ﬂap conﬁgurations either with or without pulsed jet actuation are compared. The selected values of
St H are 0.1, representative of the St H range in which the drag penalty is obtained and 1.2, for which the maximum value
of C p with control is reached. For each conﬁguration, snapshots of the velocity magnitude ﬁeld obtained by PIV in the
near-wake region are depicted in Fig. 3. For the cases where the pulsed jet system is on, these snapshots are representative
of what occurs periodically in the near-wake region.
Streamlines computed from the corresponding mean velocity ﬁelds are superimposed to these velocity maps and indicate
the occurrence of ﬂow vectoring due to the control system.
The ﬂow around the model in the reference conﬁguration illustrated in Fig. 3(a) presents some similarities with that
around a backward-facing step [9,10] in spite of the presence of the lower shear layer coming from the underside. No
alternating vortex shedding is observed because of ground proximity [1] and both shear layers will interact only considerably
further downstream.
For St H = 0.1, the vortex structure resulting from the incoming ﬂow and pulsed jet interaction moves convectively and
is ampliﬁed until reaching a size equivalent to the height of the model H , as seen in Fig. 3(c). Therefore, this large scale
vortex structure induces a very low pressure area close to the model rear end. The interaction between this vortex structure
and the lower shear layer makes the wake region even more unsteady.
For higher frequencies, large scale vortex structures are not observed. The structure induced by the incoming ﬂow and
pulsed jet interaction is convected and dissipated downstream of the slot as shown in Fig. 3(e). Interaction between both
shear layers is weaker making the mean upper shear layer take a direction more horizontal than without actuation.
Regarding the ﬂap conﬁguration, the same unsteady phenomena as those described for the square-back occur. The inﬂuence of the actuation Strouhal number St H on the interaction between the pulsed jet and the wake region stays similar in
both cases which is coherent with the static pressure evolution with St H depicted in Section 3.1. The main difference with
the square-back conﬁguration is the mean ﬂow vectoring illustrated in Fig. 3 by plotting streamlines. Without the pulsed
jet (Fig. 3(b)), the ﬂow is detached from the ﬂap wall and the mean streamlines are similar to those observed in Fig. 3(a).
When the pulsed jet system is on, the control-induced vortex structures force the ﬂow to be attached along the ﬂap wall,
thus vectoring the upper shear layer and reducing the wake size. This phenomenon is even more pronounced for the case
actuated at St H = 1.2 in Fig. 3(f).
Maps of the 2D kinetic energy of velocity ﬂuctuations E T are given in Fig. 4, where E T is deﬁned as:

ET =

1
2

u 2rms + v 2rms



For cases without actuation, as indicated in Figs. 4(a) and 4(b), the kinetic energy is essentially conﬁned within the
upper shear layer. For comparison, the maps of the kinetic energy when actuating at Strouhal number St H = 0.1 are given
in Figs. 4(c) and 4(d). The maximum of E T in the wake is increased with respect to the cases without actuation. Moreover, a
high level of energy is observed over the whole model height. This is consistent with the large scale structures observed in
Figs. 3(c) and 3(d) and the interaction between both shear layers. For an actuation Strouhal number St H of 1.2, as indicated
in Figs. 4(e) and 4(f), the kinetic energy is lower in the ﬂap conﬁguration. Furthermore, the velocity ﬂuctuations remain
concentrated within the upper shear layer. These maps give support to the instantaneous velocity ﬁelds presented in Fig. 3
in highlighting the energy content of the large coherent structures induced by the control actuated at St H = 0.1.
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Fig. 3. Instantaneous velocity magnitude ﬁelds measured by PIV with in white streamlines of the mean ﬂow:
• The square-back conﬁguration with the pulsed jet system off (a), actuated at St H = 0.1 (c) and St H = 1.2 (e);
• The ﬂap conﬁguration with the pulsed jet system off (b), actuated at St H = 0.1 (d) and St H = 1.2 (f).
The origin of the coordinate system is taken at the lower edge of the model rear end.

3.3. Characteristics of the coherent structures induced by the control
To get a better understanding of the interactions between the incoming ﬂow and the pulsed jet, the spatial and temporal coherence of the generated vortex structures is studied. The space–time correlation coeﬃcient of vertical velocity
ﬂuctuations v, deﬁned by (1), is computed for two points separated by r in space and a time delay τ .

Rvv =

 v (x, t ) v (x + r , t + τ )
 v 2 (x, t )

(1)

In the following, one reference point is set ﬁxed at a speciﬁed position x near the nozzle slot exit. Maps of R v v are
computed over the entire ﬁeld obtained by PIV by varying the parameter r . The reference position x is illustrated in Fig. 5
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Fig. 4. Velocity ﬂuctuations kinetic energy ﬁelds for:
• The square-back conﬁguration with the pulsed jet system off (a), actuated at St H = 0.1 (c) and St H = 1.2 (e);
• The ﬂap conﬁguration with the pulsed jet system off (b), actuated at St H = 0.1 (d) and St H = 1.2 (f).
The origin of the coordinate system is taken at the lower edge of the model rear end. In (d) and (f), the (+) symbols indicate the measurement points used
in Fig. 6.

for both square-back and ﬂap conﬁgurations. Results are given for two different values of τ ; the ﬁrst one, τ1 = 0, gives the
space-correlation maps and the second one, τ2 , corresponds to a time delay of half an actuation period. The value of τ2
depends obviously on St H .
At τ = τ1 , high correlation values are obtained over a large region in the wake for the low frequency actuation in
both conﬁgurations, as indicated in Figs. 5(a) and 5(c). These large scale structures in the near-wake are responsible of the
minimum value of pressure measured at the rear end of the model. With an actuation Strouhal number St H of 1.2, the
interaction between the incoming ﬂow and the pulsed jet results in a train of small scale vortices. This stream is nearly
horizontal in the square-back conﬁguration as depicted in Fig. 5(e) and remains attached to the ﬂap in the ﬂap conﬁguration
(Fig. 5(g)). In this conﬁguration, the train of vortices heads down the ﬂap and is then dissipated within the wake. The mean
ﬂow remains attached to the ﬂap wall until its trailing edge, thus vectoring the shear layer and narrowing the wake size
as observed in Fig. 3(f). This narrower wake size due to the addition of the ﬂap combines with a low velocity ﬂuctuation
intensity within the wake to make the rear end pressure increase. The convection velocity U c of the disturbances induced
by the pulsed jet is determined by tracking the spatial location of R v v positive peak values as a function of the time delay τ .
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Fig. 5. Maps of the space–time correlation coeﬃcient for:
• Square-back conﬁguration for St H = 0.1 at τ1 = 0 (a), τ2 =

• Flap conﬁguration for St H = 0.1 at τ1 = 0 (c), τ2 =

H

H
2U ∞ St H

τ1 = 0 (e), τ2 = 2U ∞HSt H (f);
τ1 = 0 (g), τ2 = 2U ∞HSt H (h).

(b) and for St H = 1.2 and

and for St H = 1.2 (d) and
2U ∞ St H
The origin of the coordinate system is taken at the lower edge of the model rear end.
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Fig. 6. PSD of velocity measured in the shear layer at the points of maximum E T indicated in Fig. 4 (
St H = 1.2 (the 10−2 factor is used for clarity reasons).

) PSD for St H = 0.1; (

) 10−2 × PSD for

U c is found to be nearly equal to U ∞ /2, which highlights the fact that the highest rear end pressure recovery is obtained
when the characteristic convective time l/U c is of the same order as the jet actuation period U HSt .
∞ H
The examination of the results obtained with τ = τ2 allows to shed some light on the typical frequencies that are
observed in the near-wake ﬂow. For the square-back conﬁguration, one remarks in Figs. 5(b) and 5(f) that the high-level
correlation patterns compare well with those obtained for τ = τ1 but with a spatial shift equal to half the wavelength of
the generated disturbance. A similar behaviour is observed for the ﬂap conﬁguration with pulsed jets actuated at St H = 1.2
in Fig. 5(h). This tends to show that the actuation frequency imposes the frequency of the disturbances in the near-wake
ﬂow.
In the ﬂap conﬁguration with an actuation Strouhal number St H of 0.1, as shown in Fig. 5(d), the high-level correlation
patterns also compare well with those obtained for τ = τ1 in Fig. 5(c). In contrast with previous cases, the sign of each local
extremum of the correlation coeﬃcient remains the same as that observed in Fig. 5(c). This suggests that the characteristic
frequency of the disturbances in the near-wake ﬂow is, in this case, an harmonic of the actuation frequency. To conﬁrm this,
the time evolution of the velocity in the (x, z) plane has been measured in the ﬂap conﬁguration by hot-wire anemometry
for the two actuation Strouhal numbers studied. The probe has been located in the shear layer at a distance X / H = 1 from
the model rear end and at a vertical location corresponding to the maximum of E T in each case considered as indicated
in Figs. 4(d) and 4(f). The resulting power spectral densities are given in Fig. 6 as a function of the Strouhal number based
on the model height H . One observes peaks emerging from a broadband level; the frequency of the peaks depends on
the actuation Strouhal number. For St H = 1.2, the peak is obtained at the same St H ; for St H = 0.1, peaks are obtained at
2St H and 3St H , conﬁrming the harmonic relationship conjectured above. Further investigations are needed to explain this
phenomenon.
4. Conclusion
The effects of ﬂow control on the rear end static pressure of a two-dimensional bluff body of height H are studied
experimentally for a Reynolds number equal to 1.76 × 105 . In particular, the evolution of the mean static pressure coeﬃcient C p measured at the rear end of the model when varying the actuation frequency is considered. In the square-back
conﬁguration, C p values obtained with ﬂow control are below that of the reference case. A noticeable minimum in C p is
obtained for a St H around 0.1 which suggests similarities between the ﬂow around the studied geometry and that over a
backward-facing step in spite of the underside ﬂow velocity U u . In the ﬂap conﬁguration, the rear end pressure is slightly
below the reference value in a low-frequency range of limited bandwidth, but increases at higher frequencies. Above St H
equal to 0.6, the C p value is nearly constant and corresponds to a signiﬁcant drag reduction.
The analysis of the near-wake ﬂow reveals ﬁrst that, in cases where a pressure increase is obtained, the mean ﬂow is
deﬂected towards the ﬂap wall and thus the recirculation area is reduced. Secondly, space–time correlation maps clearly
highlight the periodic features both in time and space of the ﬂow in the near-wake. In both square-back and ﬂap conﬁgurations, at low frequencies, the scale of generated vortex structures is of the order of H . On the contrary, small scale
vortex structures are generated at high frequencies, which explain well the difference of static pressure measurements in
each case. For the ﬂap conﬁguration, hot-wire anemometry measurements show that the frequency of the disturbances in
the near-wake is two times the actuation frequency in the low actuation frequency range. Conversely, at higher actuation
frequencies, the unsteady feature of the wake ﬂow is dominated by the jet actuation frequency.
Further investigations are planned to correlate the time evolution of C p with the wake ﬂow properties. Moreover, additional experiments in the control nozzle exit region will help in understanding how the actuation frequency inﬂuences the
interaction between the pulsed jets and the incoming ﬂow. The detailed study of this interaction could provide information
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on the governing mechanisms that lead to static pressure increase at the model rear-base. In the prospect of a closed-loop
control, the understanding of these mechanisms may help in choosing the sensors and their locations for eﬃcient control.
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