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ABSTRACT

This experimental work is conducted to manipulate the wake to reduce aerodynamic drag using the actuations on the trailing edges of a bluff
body at a yaw angle of 10�. Two loudspeakers are separately installed into the vertical trailing edges of the vertical base, creating a zero-net
mass-flux jet through vertical slots. A maximum drag reduction of 2% and 1.5% is produced by the single actuation on the windward and lee-
ward side, respectively. When the genetic algorithm is introduced to optimize the actuations on both sides, a drag reduction of 7% is obtained.
Thus, the energy efficiency of the entire control system is greatly improved by 80% compared to the best single actuation. The underlying
flow mechanism behind the effective parameters is proposed according to the analyses of the drag spectra and the hot-wire data measured
with and without control. The genetic algorithm provides a promising optimization strategy for the better control performance of trailing
edge actuation on a yawed bluff body. Furthermore, this strategy may have the engineering potential to reduce the drag of ground transport
vehicles for a large range of operating conditions. Therefore, this research is expected to save energy consumption and improve traveling
safety for the aerodynamic control of vehicles.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0174822

I. INTRODUCTION

The aerodynamic control of bluff bodies raises a fascinating engi-
neering challenge to improve ground vehicle aerodynamics, which is
generally influenced by a strong flow separation and an unsteady
wake. The latter is of particular interest for energy saving to increase
mileages, which is vital for new electrical vehicles. Over the past deca-
des, active flow control has been a fast-growing and multidisciplinary
technology to modify turbulent flows to achieve a low-drag state with
high traveling stability. Meanwhile, the actuators have gradually
become smaller, lighter, more independent of a propulsion system,
and more energy-efficient.1 Several literature reviews on active flow
control of bluff bodies are already available (e.g., Refs. 2–4).

The flow around a bluff body exhibits complex characteristics,
such as a turbulent boundary layer, shear-layer evolution, massive sep-
aration at the blunt edge, and a large recirculation region in the wake.

The active control of the flow around a bluff body has mainly focused
on regulating the flow separation on either the leading or the trailing
edges (e.g., Refs. 5–14). Seifert et al.5 used suction and oscillatory blow-
ing at the top and bottom trailing edges of a bluff body, and the maxi-
mum drag reduction of 20% was obtained. Zhang et al.13 deployed
steady blowing at the edges of the rear window and vertical base of an
Ahmed body, resulting in a 29% drag reduction. Minelli et al.9,10

employed loudspeakers to generate zero-net mass-flux jets through
vertical or streamwise slots at the front A-pillar of the bluff body, and
the side recirculation bubble was successfully suppressed using an opti-
mized control signal. However, the drag reduction effect remains
unclear. Based on the same model, Minelli et al.11 numerically indi-
cated that only an 8% drag reduction was achieved despite the total
suppression of the side recirculation bubble. However, a drag reduc-
tion of up to 20% was achieved when the superharmonic frequencies
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of natural vortex shedding were introduced to reduce the shedding
motion in the wake. Therefore, it is very interesting to investigate the
effect of the control frequencies on drag reduction if the present work
moves the position of the zero-net mass-flux jets from the leading to
the trailing edges, i.e., the direct-wake control approach.

The yaw angle plays a crucial role in computing the cycle-
averaged drag coefficient for a bluff body traveling in a natural envi-
ronment.15 Potentially, even for very streamlined objects, a flow sepa-
ration would occur at a large yaw angle.16–18 Once a yaw angle is
introduced, the wake structures bend from one side to the other and
the flow separation behaves very differently.19,20 The drag coefficient
increases with the yaw angle rising from zero to 30�.20,21 However, less
attention has been paid to controlling the bluff body flows at a yaw
angle. Li et al.22 used pulsed jets on either the windward or leeward
trailing edge to reduce the drag of a simplified car model at a 5� yaw
angle. They found that the optimal single frequency, applied to the
windward trailing edge, resulted in a drag reduction of 6%, while the
drag increased by 4% for the same frequency on the leeward trailing
edge. Unlike their actuations, the zero-net mass-flux jets in this paper
may have a great impact on the drag reduction of a yawed bluff body
with a limited amount of energy for actuation.

Machine learning control (MLC) has been proposed recently to
manipulate a bluff-body flow by optimizing the actuation parame-
ters.23–25 In this context, the genetic algorithm is a powerful technique
for MLC that searches the effective parameters from a rich set of possi-
ble control laws.26 Some works have been reported in the literature. Li
et al.12 used linear genetic programming to optimize the pulsed jets at
all trailing edges of an Ahmed body and the optimal control parame-
ters produced 33% of base pressure recovery and 22% of drag reduc-
tion. Inspired by their works, Minelli et al.11 numerically implemented
a generic algorithm to drive the blowing-suction actuation at the front
edges of a bluff body model and obtained a maximum 20% drag reduc-
tion. Based on the same model at 10� yaw angle, Qiao et al.27 experi-
mentally employed a generic algorithm to optimize zero-net mass-flux
jets at the front edges, and the optimal control parameters yielded a
20% drag reduction. These previous achievements show the high
potential for improving control performance using a genetic algorithm.
The primary topic of this paper is, therefore, to examine the capacity
of a genetic algorithm when used for the actuations on the trailing
edges of a yawed bluff body case.

In this study, the actuations on the trailing edges are optimized
with a genetic algorithm to reduce the drag for a 10� yawed bluff body.
The experimental setup, together with the wind tunnel facility, is
shown in detail in Sec. II. The design of the genetic algorithm is
described in Sec. III. The main results and the underlying flow physics
are discussed in Secs. IV and V, respectively. The main conclusions are
drawn in the final section.

II. EXPERIMENTAL DETAILS
A. The experimental setup

Experiments were conducted in a closed-circuit wind tunnel at
Chalmers University of Technology, with a test section of 3.0m in
length, 1.8m in width, and 1.25m in height. The free-stream wind
speed could be changed between 0 and 60m/s. As shown in Fig. 1, a
0.36-m-long bluff body has a cross section area of 0.4m wide
and 0.4m high, and has a radius of R¼ 0.02 m at the leading edges
(A-pillars). The cross section area of the bluff body is 0.16m2 and its

root mean square value is denoted as W¼ 0.4 m. The overall dimen-
sions of the bluff body are the same as those used in Refs. 9, 10, and 27
except for the position of the actuators, which moves from the leading
to the trailing edges. Cooper28 proposed that the effect of front-edge
roundness (¼R/W) on aerodynamic drag is strongly influenced by
both the yaw angle and the Reynolds number for bluff ground vehicles.
In other words, at a fixedW, there is an optimal R to prevent local sep-
aration on the surface and to minimize aerodynamic drag at different
yaw angles for every Reynolds number. However, it is unpractical to
vary R for bluff vehicles while traveling at different yaw angles and
Reynolds numbers. Moreover, the shape of bluff vehicles is often pre-
defined based on legislative requirements, esthetics, and the ability to
manufacture these vehicles, e.g., the outer dimensions of trucks.7

Therefore, the present study is carried out to optimize aerodynamic
drag using the active control at fixed R/W and yaw angles, which is
useful for real applications. The yaw angle is set as 10� for the bluff
body shown in Fig. 1, resulting in the blockage ratio of�7%. A NACA
airfoil is used to connect the bluff body to the force balance and
remains at a zero angle of attack to minimize the aerodynamic drag
[Figs. 1(a) and 1(c)]. The separation between the bluff body and the
wind tunnel wall is 0.25m. The coordinate system (x, y, z) is presented
in Fig. 1, where x is the streamwise direction and its origin, o, is at the
crossover point between the streamwise diameter of the force balance
and the rear vertical base of the bluff body. The y is the lateral direc-
tion. The z is the vertical direction with the zero point at the midpoint
of the rear vertical base.

Measurements were performed at a free-stream velocity of
U1 ¼ 19m/s, with a turbulence intensity of 0.07%, corresponding to a
Reynolds number of Re¼ 4.7� 105 based onW and U1. As presented
in Fig. 1(c), two hot-wire probes were mounted on the computer-
controlled traversing mechanism and traversed the wake to measure the
flow behaviors with or without control. The sensing element of each
hot-wire probe, made of tungsten, was 5lm in diameter and 1.25mm
in length. These probes were operated on a constant temperature circuit
(Dantec 56C01 CTA), with an over-heat ratio of 1.7. The measured sig-
nals from the hot-wire probes were filtered at a cutoff frequency of
3 kHz and sampled at a frequency of 10 kHz. These settings were high
enough to capture the frequencies in the wake structures, e.g., the natu-
ral vortex shedding frequency of f � ¼ 0.21 or f ¼ 10Hz at the zero-yaw
angle.11 In this paper, f represents the frequency and the superscript “�”
denotes the normalization by W and/or U1, e.g., f � ¼ fW=U1 and
U� ¼ U=U1 (U is the streamwise velocity). A total of 432 points were
collected to reproduce a 2D map for the streamwise velocities in the
wake, where the sampling duration was 15 s at each point.

B. Actuation

As shown in Fig. 1(c), two loudspeakers (Wavecor SW182BD02-
01) are separately installed at the vertical trailing edges of the rear verti-
cal base to produce the blowing and suction of air flow. A splitting
plate is used to eliminate the possible interaction between the two
vibrating loudspeakers. The loudspeaker is characterized by its maxi-
mum output power of 62W and its impedance of 8Ohm. Each
speaker is connected to one channel of a power amplifier (ALTO
MAC 2.4 stereo) and works independently. The amplification is set as
ka¼ 53 for the amplifier. The control signal in each channel comes
from a LabVIEW platform via a 16-bit digital-to-analog (D/A) con-
verter. There is a vertical slot of 1mm wide and 330mm long on each
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vertical trailing edge through which the actuation takes place
[Fig. 1(c)]. The same actuated location resembles that used in Refs. 12
and 13, where the actuations have a substantial impact on wake
dynamics and aerodynamic drag.

A calibrated hot-wire probe is placed 2mm from the opening of
the slot [Fig. 2(a)] to measure the strength of the actuation. The actua-
tor is driven by a sinusoidal signal So ¼ kaAosinð2pftÞ, where Ao rep-
resents the amplitude and t denotes the time. To avoid possible
damage to the actuators, the limitation is set to 0.4V and 250Hz
(f � ¼ 5.3) for Ao and f , respectively. The real-time signal Uafc;t exhibits
a positively pronounced peak and a negative valley in every actuation
cycle in Fig. 2(a), which corresponds to the blowing and suction phase,
respectively.9 Seifert et al.1,5 suggested that the periodic excitation
could accelerate and regulate the generation of large coherent struc-
tures and is vastly more effective than the steady blowing for separa-
tion control. As shown by the ensemble-averaged Uafc;th i of Uafc;t in

Fig. 2(b), the resultant actuation is strongly dominated by a blowing
flow, i.e., the synthetic or zero-net mass-flux jet.29 The maximum value
or the peak jet velocity of Uafc;th i is denoted as Uafc, representing the
strength of the actuation.9 The iso-contour of Uafc is presented under
different control parameters (f, Ao) in Fig. 2(c), where Uafc has differ-
ent ranges with varying f. However, the control effect of f on drag
reduction could be fully examined if Uafc has the same range at each f .
Meanwhile, the range of Uafc is expected to be a large value to affect
the incoming flow to a great extent. Therefore, the range has been arbi-
trary chosen as 0.63–2.63 and 0–1.1 for f � and U�

afc, respectively, as
described in Fig. 2(c).

C. Aerodynamic force measurement

This experimental work aims to investigate the control effects on
the drag Fd, which is against the vehicle’s travel motion and to be

FIG. 1. (a) Wind tunnel and typical model geometries of the bluff body; (b) the top view of the bluff body at a 10� yaw angle; and (c) schematic of the experimental arrangement
and a bluff body at a yaw angle of 10�, including two downstream actuators (S1, S2), a test section of wind tunnel, and two hot-wire probes. The dimensions of the bluff body
are expressed in millimeters. The red arrows represent the actuated position, and the blue lines denote the flow separation around the bluff body. A splitting plate is used to
eliminate the flow interaction between two actuators.
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overcome by the propulsion system. The force balance is rotated coun-
terclockwise to yield a yaw angle of 10� so that the Fd acting on the
yawed bluff body can be directly measured [Fig. 1(b)]. The present
measurement is confirmed by Refs. 22 and 30. The corresponding
drag coefficient Cd is defined as follows:

Cd ¼ �Fd= W2�Pdyn

� �
: (1)

Here, Fd is sampled with a frequency of 1000Hz or f �¼ 21. Pdyn repre-
sents the dynamic pressure and is measured using a Pitot-static tube
placed in a free-stream wind. The overbar represents the time-
averaged quantity in this paper. The Cd is 1.17 under the unactuated
control, which is slightly higher than the value (¼1.1) for the same
model at a 10� yaw angle in Ref. 27. This difference is due to stream-
wise slots at the leading edges of the A-pillars in Ref. 27, which mitigate
the A-pillar flow separation and reduce the drag coefficient.

III. GENETIC ALGORITHM OPTIMIZATION

As shown in Fig. 1(b), the flow separations are significantly differ-
ent on the windward and leeward sides so that the actuations on two
sides can play a very different role in improving the control perfor-
mance of the bluff body. Therefore, Li et al.22 separately performs the
pulsed jets on the windward and leeward trailing edges on a simplified
car model at a 5� yaw angle. They find that the actuations are much
more effective on the windward trailing edge and that the optimal fre-
quency results in a drag reduction of 6%. Based on this investigation,
we are simultaneously using two different sinusoidal signals to

separately control the actuations on the S1 and S2 sides to maximize
the drag reduction. The control law b is defined as follows in Fig. 3:

bS1 ¼ Uafc1 sin 2pf1tð Þ;
bS2 ¼ Uafc2 sin 2pf2tð Þ;

(
(2)

where bS1 and bS2 are the control laws for the S1 and S2 actuation,
respectively. Uafc1 and Uafc2 are the peak jet velocities. f1 and f2 are the
control frequencies. As depicted in Figs. 3 and 2(c), a matrix T uses a
linear interpolation to transform Uafc1 andUafc2 into the voltages of A1

and A2. Both A1 and A2 are further used to drive the actuations
through the amplifier with the amplification of ka (¼53). The cost
function J is defined by ½ Cdð Þon � ðCdÞoff �=ðCdÞoff , where the sub-
scripts “on” and “off ” denote the measurements with and without con-
trol, respectively. J is negative and its absolute value is the drag
reduction. A decrease in J corresponds to an improvement on the drag
reduction.

Following Ref. 26, the genetic algorithm is used to search the
parameter space for the purpose of finding the optimal control law b$,
i.e., the parameters of f1, f2, Uafc1, and Uafc2 to produce the global mini-
mum J or the maximum drag reduction. As described in Fig. 3, the gen-
eration (nth) consists of N individuals or control laws and each
individual accounts for generating r variables (r¼ 4), i.e., f1, f2, Uafc1, and
Uafc2. Each variable is composed of the m binary genes (0 and 1) based
on a binary encoding scheme.31 In particular, the control individuals in
the first generation (n¼ 1) are yielded using random initialization, where
each parameter has an almost uniform probability in the given range.

FIG. 2. (a) The real-time signal Uafc;t
including blowing and suction under the
control parameters (f �, Ao)¼ (1.1, 0.4 V);
(b) the ensemble-averaged Uafc;t

� �
of

Uafc;t . Uafc is the peak jet velocity or maxi-
mum value of Uafc;t

� �
; and (c) iso-contour

of Uafc under different control parameters
(f �, Ao). The contour resolution is
D¼ 0.1. U1¼ 0 m/s.
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For the nth generation, every individual is experimentally evaluated to
generate a J. Based on the N individuals and their corresponding J, the
genetic algorithm performs the standard operations of elitism, tourna-
ment, crossover, and mutation to give rise to N individuals for the
(nþ 1)th generation. Then, the genetic algorithm experimentally evalu-
ates the new N individuals to obtain the same number of J. As such, the
previous steps could be repeated for each generation unless the termi-
nation criterion has been reached, where the J converges to an uncer-
tainty of less than 2% for the best individuals in the last five
generations. The control parameters of the genetic algorithm are listed
in Table I for simplicity. Readers may refer to the meaning and con-
struction of the parameters in Sec. 3 of Ref. 26 for more details. N is set
as 60 for each generation. As introduced in Sec. II B, the range was cho-
sen as 0.63–2.63 for both f �1 and f �2 , and 0–1.1 for bothU

�
afc1 and U

�
afc2.

Control signals are generated on the LabVIEW platform and
transferred to a National Instrument USB-9162 multifunction I/O
Device to control the actuators. For every individual in each genera-
tion, the Cd is obtained at a sampling time of 8 s, with a rate of
1000Hz, thereby calculating J. As the two actuations are controlled

separately by two different control signals ( bS1 and bS2 ), the controller
of the genetic algorithm is recognized as a multi-input-single-output
system.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Single actuation

The performance of the single actuation is examined to gain an
understanding of the active control mechanism. The single actuation
indicates that the actuation is controlled using a sinusoidal signal on
only one side, while the other side is turned off. The single actuation
on the windward and the leeward side is regarded as the S1 and the S2
control, respectively. As shown in Fig. 4(a), the minimum J is �2.0%
in the neighborhood of (f �1 , U

�
afc1)¼ (1.05, 1.1) for the S1 control. On

the windward side, Li et al.22 used pulsed jets for a simplified car model
at a 5� yaw angle, and the optimal frequency resulted in a drag reduc-
tion of 6%. However, the same frequency, applied on their leeward
trailing edge, contributed to a drag increase of 4%. In the current case,
for the S2 control on the leeward side [Fig. 4(b)], there are two mini-
mum regions for J¼�1.5% surrounding (f �2 , U

�
afc2)¼ (1.61, 1.1) and

(2.63, 1.0). As a result, the present actuations could be beneficial for
drag reduction on the windward and leeward sides while applying the
appropriate control parameters. This kind of actuation is different
from Ref. 22, where the actuation on the windward side is much more
effective than on the leeward side and plays a dominant role in drag
reduction. Furthermore, this observation implies that the genetic algo-
rithm could optimize the control parameters to further improve the
control performance while the actuations are combined on the two
trailing edges.

B. Genetic algorithm control

The learning process has gradually improved the control perfor-
mance for genetic algorithm control with increasing generation (n), as

FIG. 3. Schematic diagram of a genetic algorithm
system including the bluff body, two actuations (S1,
S2), and the control laws of bS1 ¼Uafc1sin ð2pf1tÞ
and bS2 ¼ Uafc2sin ð2pf2tÞ. The cost function J. T
is a matrix, which transforms Uafc1 and Uafc2 into
the voltages of A1 and A2, to further drive two
actuations (S1, S2). ka is the amplification of the
amplifier. N is the number of individuals in each
generation. f �1 , f �2 2 [0.63, 2.63], U�

afc1, U�
afc2

2 [0, 1.1].

TABLE I. The control parameters used in the genetic algorithm.

Parameters Value

Population size N¼ 60
Variables per individual r¼ 4
Binary size per variable m¼ 25

Elitism ie¼ 3
Tournament size Nt¼ 5

Tournament selection parameters Ptour¼ 0.75
Crossover probability Pc¼ 0.8
Mutation probability Pm¼ 1/m¼ 0.04
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shown in Fig. 5. The individual index (i) is ranked from the lowest to
the highest J value in each generation. The minimum J takes place at
i¼ 1, which corresponds to the optimal or best control individual in
every generation. As n increases, the minimum J gradually decreases
to be close to �7% for n � 10, implying a good exploitation of the
minimum drag value for genetic algorithm control.11 Moreover, a
wide range of J values is found in each generation, which indicates a
good level of exploration from mutation probability (Pm). J gradually
starts to overlap for the bar charts of all the individuals with increasing
n, especially for n� 10.

The case yielding the minimum J for each generation is selected to
examine the averaged J value and its standard deviation in Fig. 6. Each
square on the line is tested at a sampling time of 16 s and 8 times over.
The J values vary slightly for n � 10, and the lowest J is �7% at the

generation n¼ 24, corresponding to the control parameters of (f �1 ,
U�

afc1) ¼ (0.96, 1.08) and (f �2 , U
�
afc2)¼ (1.38, 1.09). It is worthwhile

pointing out that these control parameters produce a J¼�1.6% and
�1.1% for the S1 [Fig. 4(a)] and the S2 control [Fig. 4(b)], respectively.
However, combined control on two sides produces a 7% drag reduction.
This result also significantly outperforms the best single actuation of the
S1 and the S2 control [2.0% of drag reduction in Fig. 4(a) and 1.5% in
Fig. 4(b)]. These optimal control parameters slightly deviate from that
of (f �1 , U

�
afc1)¼ (1.05, 1.1) in the S1 control and (f �2 , U

�
afc2)¼ (1.61, 1.1)

in the S2 control, resulting from the balance control of the wake separa-
tions and vortex shedding on two sides, as explained later.

The learning process for control laws could be reflected in a prox-
imity map following Refs. 11 and 32. Here, multi-dimensional scaling
(MDS)33 is used to optimally visualize high-dimensional data in a

FIG. 4. (a) Iso-contours of J over Uafc1 at
different f1 for the S1 control. S1: on, S2:
off; and (b) iso-contours of J over Uafc2 at
different f2 for the S2 control. S1: off, S2:
on. The red arrows represent the actuated
position, and the blue lines denote the
flow separation around the bluff body. The
contour resolution is D¼ 0.005.

FIG. 5. Dependence of J on the individual
index (i ) for different generations (n).
Each bar chart indicates that i is ranked
from the lowest to the highest J value in
each generation. Sixty individuals are
tested for each of the 25 generations. For
visual clarity, the symbols for every fifth
generation are displayed between n¼ 1
and 25, i.e., n¼ 1, 5, 10, …, 25.
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low-dimensional feature space. The main idea is that every control
individual is represented as a point in a two-dimensional feature plane
(c1, c2), where the difference between the control individuals is indi-
cated by the distance between feature vectors. For this purpose, the dif-
ference between two control laws bl and bq is given by a distance of Cl,q

with 1 	 l, q 	 25N, where 25N is the total number of control
individuals:

Cl;q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2
j¼1

fj
� �

bl
� fj
� �

bq

fmax

�����
�����
2

þ
X2
j¼1

Uafcjð Þbl � Uafcjð Þbq
Uafc;max

�����
�����
2

vuuut
þ a Jð Þbl � Jð Þbq

��� ���: (3)

The first term is the averaged actuation difference between the lth and
qth control individual, and the second represents a penalization based
on the difference of their J. f �max and U

�
afc;max are the maximum values of

2.63 and 1.1 for the input frequencies (f �1 and f �2 ) and amplitudes (U�
afc1

and U�
afc2), respectively. The parameter a is chosen so that the maxi-

mum actuation difference in the first term is equal to the maximum dif-
ference of the second term for performance. See Ref. 32 for further
details. Thus, the distance matrix is obtained by C¼ (Cl,q)1	 l,q	 25N.
Figure 7 presents the proximity map of the control individuals in a
two-dimensional plane of (c1, c2), where c1 and c2 are two eigenvectors
corresponding to the two largest eigenvalues of C. Each dot represents
a control individual colored with J and the distance between the dots
provides a measure for the dissimilarity between two control individu-
als. For visual clarity, the data are displayed for generations n¼ 1, 5,
10, 15, 20, and 24. For J � �4.5%, both c1 and c2 have a great impact
upon improving control performance due to the scattered distribution
correlating with J.Nevertheless, the dots tend to populate along a curve
for J < �4.5%, where the first feature coordinate c1 dominates the dis-
tribution of J values, while the second c2 plays a less important role in
achieving the maximum drag reduction of J¼�7.0% owing to its

negligible variation correlating to the changing J. A similar learning
process is commonly seen in MLC control, e.g., Refs. 11, 27, and 34.
The black arrows and the red circles display five representative cases
with letters between A and E, and their details are listed in Table II.
Thus, the physical meaning of the feature coordinates c1 and c2 could
be revealed by the following analysis. Cases B and D produce
J¼�1.8% and �5.1%, respectively, where f �1 , f

�
2 , and U�

afc1 have very

similar values. The U�
afc2 increases from 0.28 to 0.93, which enhances

the performance of f �2 and is responsible for an increase of 3.3%
(¼5.1% � 1.8%) on drag reduction. Comparing the case E with D, one
can also see the dominant effect of f �2 on the drag reduction when
the difference is negligible in f �1 , f

�
2 and U�

afc1. The U�
afc2 varies from

0.93 (D case) to 1.09 (E case), which makes f �2 more effective and con-
tributes to an improvement of 1.9% (¼7.0%� 5.1%) on drag reduction
in the E case. These results suggest that the f �2 and U�

afc2 are correlated

with the coordinate c1. Thus, the S2 control on the leeward side domi-
nates the total control effect. The same observation was also made by
Ref. 27, where the zero-net mass-flux jets, performed on the leeward
side of the bluff body, led to a drag reduction of 17%, which was much
higher than 2% on the windward side. On the other hand, the c2 is
closely associated with the f �1 and U�

afc1 for the S1 control on the wind-

ward side, which facilitates the S2 control to achieve the maximum drag
reduction of 7.0% in the E case.

FIG. 6. J is for the best individual in each generation (n). The bar charts represent
the average J values and the error bars denote the standard deviation.

FIG. 7. Proximity map of the control individuals for generations (n¼ 1, 5, 10, 15,
20, and 24). Each dot represents a control individual and the distance between dots
provides a measure for the dissimilarity between two control individuals. The black
arrows and the red circles display five representative cases (A–E), and their details
are listed in Table II.

TABLE II. The control parameters and J values of five representative cases in Fig. 7.

Case f �1 f �2 U�
afc1 U�

afc2 J (%)

A 0.74 1.46 1.04 0.01 �0.2
B 0.96 1.54 1.09 0.28 �1.8
C 0.93 1.49 1.07 0.76 �3.3
D 0.99 1.41 1.09 0.93 �5.1
E 0.96 1.38 1.08 1.09 �7.0
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The evolution of the control individuals is illustrated with the
probability density function (pdf) P of f1, f2, Uafc1, and Uafc2 in Fig. 8.
For clarity, control individuals are shown from generations of n¼ 1, 5,
15, and 24 and the optimal control parameters are marked using the
vertical dash-and-dot lines. As introduced in Sec. III, the first genera-
tion randomly yields N individuals and each individual accounts for
generating four parameters, i.e., f1, f2, Uafc1, and Uafc2. Therefore, each
P exhibits an approximate flat shape in the first generation (n¼ 1).
With increasing n, a significantly pronounced peak gradually occurs
around the optimal control parameters of U�

afc1 ¼ 1.08, f �2 ¼ 1.38, and
U�
afc2 ¼ 1.09 on P for n� 5. Until n� 15, the peak emerges around the

optimal f �1 ¼ 0.96 on P(f1). This observation suggests that the genetic
algorithm first finds the optimal parameters for (f2, Uafc2) on the lee-
ward side and then, tunes (f1, Uafc1) on the windward side until the
optimum control performance is obtained. This result provides an
explanation for the better control performance at n¼ 15 than at n¼ 5,
as shown in Fig. 5. Once the optimal parameters are found, increasing
numbers of similar individuals can be generated from the former gen-
eration to keep the pronounced peak in a small range as depicted in
Fig. 8. Again, the less pronounced peaks on P(f1), P(Uafc1), P(f2), and
P(Uafc2) imply that the genetic algorithm continues to explore the
search space using the mutation probability (Pm) but fails to find better
minima of the J .

The optimal control individual has improved the energy effi-
ciency (g) to a great extent compared to the single actuation. The g is
defined as follows:

Ie ¼ 1
2
Bq
T

ðT
0

h
Uafc1sin 2pf1tð Þ�� ��3 þ Uafc2sin 2pf2tð Þ�� ��3idt; (4)

I0 ¼ 1
2
qW2U3

1 Cdð Þoff Jj j; (5)

g ¼ I0
Ie
; (6)

where Ie is the power of the zero-net mass-flux jet consumed by the
actuations and I0 is the power saved by the drag reduction. B and q are
the area of the slot and fluid density, respectively. T is the actuated
duration of the S1 and S2 trailing edges. The g provides a measure for
energy saved from the drag reduction as per unit energy consumed by
the zero-net mass-flux jet. For the optimal control, Ie is 5.0W and I0 is
57.7W, respectively, given J¼�7.0% under (f �1 , U

�
afc1)¼ (0.96, 1.08)

and (f �2 , U
�
afc2)¼ (1.38, 1.09). Apparently, this is a highly efficient con-

trol system with a g equal to 11.5. For the S1 control, Ie and I0 can be
estimated as 2.6 and 16.6W, respectively, given the best control perfor-
mance J¼�2.0% under (f �1 , U

�
afc1)¼ (1.05, 1.1) presented in Fig. 4(a).

Thus, g is 6.4. For the S2 control, g is estimated as 4.8 using the same
calculation for the best control performance in Fig. 4(b). As a result, g
for the optimal control has been improved by 80% and 140% com-
pared to the S1 and the S2 control, respectively. This observation fur-
ther reveals that the genetic algorithm optimizes downstream
actuations to greatly improve the drag reduction, thus outperforming
the single actuation in terms of energy efficiency.

FIG. 8. The probability density function P
of (a) f1, (b) f2, (c) Uafc1, and (d) Uafc2 for
the control individuals in the generations
(n¼ 1, 5, 15, and 24). f �1 , f �2 2 [0.63,
2.63], U�

afc1, U
�
afc2 2 [0, 1.1].
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V. FLOW PHYSICS

The power spectra E of the drag coefficient (Cd) are well reflected
in the frequency domain for cases under different observations as in
Fig. 9(a). The natural frequencies are found in f �¼ 0.13–0.14, with the
pronounced peak for the bluff body mechanic system while it is acti-
vated with a collision at U1 ¼ 0m/s. For the collision case, the power
spectra of Fd are displayed owing to �Pdyn ¼ 0 in Eq. (1). It is interesting
to note that the frequencies with the pronounced peak remain
unchanged at f �¼ 0.13–0.14 under no control case at U1 ¼ 19m/s.
This coincidence further provides a strong validation for the correct
measurement on the natural frequencies of the mechanical system.
The peak values of the natural frequencies could be used to measure
the stability of the mechanical system under the actuated case.
Compared to the no control case, the peak at f �¼ 0.13–0.14 has been
reduced for the optimal control. This reduction implies that the actua-
tions have stabilized the flow around the bluff body to weaken the
vibration, as described in Fig. 9(b). As a result, the averaged Cd drops
from 1.17 to 1.09 for the optimal control, thus achieving a drag reduc-
tion of 7%. Additionally, one can clearly see the second superhar-
monics f � ¼ 1.92 and 2.76 of the optimal control in Fig. 9(a), which
are associated with the input control frequencies f �1 ¼ 0.96 and
f �2 ¼ 1.38, respectively.

The distributions of the streamwise velocity U and its rms (root
mean square) value urms provide crucial information for the flow behav-
iors in the wake of a bluff body. u represents the streamwise fluctuation
velocity of U. Two calibrated hot-wire probes are used to measure U
and urms at (x/W, y/W)¼ (0–1.39, �0.80 to �0.20) on the windward
side and (x/W, y/W)¼ (0.11–1.50, 0.20 to 0.80) on the leeward side at
the plane of z¼ 0. The iso-contours of the velocity field are, therefore,
made for the unactuated and three controlled cases, as illustrated in
Figs. 10–12. For the S1 or S2 control, the actuations simply make use of
the corresponding control parameters from the optimal control. With
the present hot-wire measurement, we can explain why each side sepa-
rately produces 1%–2% and together 7% of drag reduction.

Comparing the S1 control to the no control case, the flow has
been stabilized along the streamwise direction on the windward side,

while the flow separation is suppressed on the leeward side as
described in Figs. 10(a), 10(b), 11(a), and 11(b). This observation is
responsible for 1.6% drag reduction under the S1 control. For the
windward side, the core area of the flow separation is between
y/W¼�0.70 and �0.50, where the maximum u�rms occurs [Figs. 11(a)
and 11(b)]. A representative line is chosen as y/W¼�0.68 throughout
the core area of the flow separation. As shown in Figs. 10(a), 10(b),
and 12(a), the �U � varies in the range of [0.86, 1.0] along y/W¼�0.68
for the no control case while the range has been shrunk in
�U � ¼ 0.86–0.95 for the S1 control. The rms value of �U � along
y/W¼�0.68 has been reduced from 0.048 to 0.030 with a drop by
38% for the S1 control. As x/W increases from 0 to 1.39 along
y/W¼�0.68, the u�rms gradually decreases from 0.25 to 0.18 for the no
control case, while to 0.19 for the S1 control in Figs. 11(a), 11(b), and
12(d). This result indicates that the S1 control stabilizes the flow along
the streamwise direction and improves the lateral stability on the wind-
ward side. This analysis agrees with Ref. 11, who performed upstream
actuations at the leading edges of a bluff body to manipulate the wake
dynamics and further suggested that the actuations significantly miti-
gated the shedding motion in the wake, therefore reducing the lateral
vibration and contributing to a drag reduction. For the leeward side,
the blue lines denote the core area of flow separation and the measured
area locates in the inner flank of flow separation in Figs. 10(a), 10(b),
11(a), and 11(b). There is an increase on both �U � [Fig. 12(b)] and u�rms
[Fig. 12(e)] over the range of y/W¼ 0.60–0.80 at x/W¼ 0.11 for the S1
control. Moreover, both �U � [Fig. 12(c)] and u�rms [Fig. 12(f)] slightly go
up over the range of x/W¼ 0.82–1.50 at y/W¼ 0.2. These results indi-
cate that the core area of flow separation moves closer to the bluff
body and the wake is suppressed on the leeward side for the S1 control.
For the flow over a square-back vehicle, the substantial wake diminu-
tion has been also observed by Refs. 35 and 36 to lead to the base pres-
sure recovery and drag reduction. It is further inferred that the
actuation, produced on the windward side for the S1 control, stabilizes
the flow along the streamwise direction, thus resulting in a deflection
of the shear layer to reduce the separation region on the leeward side.

The drag reduction is 1.1% and 7.0% for the S2 control and the
optimal control, respectively, which also results from the stabilized

FIG. 9. (a) Power spectra of Cd under different control parameters (refer to the key) and (b) Time histories of drag coefficient Cd. Optimal control: (f �1 , U
�
afc1)¼ (0.96, 1.08) and

(f �2 , U
�
afc2)¼ (1.38, 1.09).
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flow along the streamwise direction on the windward side and the sup-
pressed flow separation on the leeward side, as shown in Figs. 10(c),
10(d), 11(c), 11(d), and 12. For the windward side, both �U � and u�rms
are nearly same for the S1 and the S2 control along the representative
line of y/W¼�0.68 in Figs. 10(b), 10(c), 11(b), 11(c), 12(a), and
12(d). For the leeward side, the S1 control is in good agreement with
the S2 control on both the �U � and u�rms in Figs. 12(b), 12(e), 12(c), and
12(f). Thus, the drag reduction of the former control (1.6%) is very
similar with the latter control (1.1%). Note that the actuation is pro-
duced on the leeward side for the S2 control and the windward side the
S1 control. Therefore, these results mean that, in contrast to the S1 con-
trol, the S2 control results in a suppression of the separation region on
the leeward side, making the flow more stable along the streamwise
direction than the no control case on the windward side. It is worth-
while pointing out that the position of upstream separation points
slightly varies for the S1 and S2 control on both windward and leeward
sides. This observation is ascribed to the same distributions of �U � x
(y/W¼�0.68 and 0.2) and �U � y (x/W¼ 0.11) between the two con-
trols in the wake [Figs. 12(a)–12(c)]. Furthermore, the drag reductions
are small and approximately equal for the S1 and S2 control, implying
that the present direct-wake control approach brings a negligible effect
on the position of upstream separation points for the bluff body.
When the S2 control is combined with the S1 control, the optimal con-
trol makes full use of the actuations on both the windward and leeward
sides and, thus, greatly enhances the control performance. The optimal

control is in good agreement with the S1 or S2 control on the distribu-
tion of �U � [Figs. 10(b)–10(d) and 12(a)] and u�rms [Figs. 11(b)–11(d)
and 12(d)] on the windward side where the flow is stabilized along the
streamwise direction. For the leeward side, the optimal control brings
an increase on both �U � [Fig. 12(b)] and u�rms [Fig. 12(e)] over the range
of y/W¼ 0.50–0.80 at x/W¼ 0.11 compared to the S1 or S2 control. At
y/W¼ 0.2, both �U � [Fig. 12(c)] and u�rms [Fig. 12(f)] exhibit a higher
value over x/W¼ 0.85–1.50 for the optimal control than the S1 or S2
control. This measurement indicates that the most significant reduc-
tion in flow separation takes place on the leeward side for the optimal
control [Figs. 10(d) and 11(d)], contributing to the drag reduction.12

However, there is a decrease on �U � over x/W¼ 0.11–0.85, revealing
that a slight enlargement of flow separation occurs on the vertical trail-
ing edge of the rear vertical base due to the actuation. This observation
has a negative impact on drag reduction. Nevertheless, the compro-
mise leads to the highest drag reduction of 7% for the optimal control,
which is 4.4–6.4 times that for the S1 and S2 control. This result further
suggests that the stabilization of the flow on the windward side plays
almost the same role as the suppression of the separation region on the
leeward side in the drag reduction. For the optimal control, the combi-
nation of the S1 and S2 control stabilizes the flow on the windward side
and reduces the separation region on the leeward side at the same
time, thus significantly improving the control performance.

Insight may be gained into the control mechanism by examining
the vortex shedding in the wake of the bluff body. The fluctuating

FIG. 10. Iso-contours of �U in the wake of a bluff body: (a) No control: the actuators are unactuated (S1: off, S2: off); (b) S1 control. S1: (f �1 , U
�
afc1)¼ (0.96, 1.08), S2: off; (c) S2

control. S1: off, S2: (f �2 , U
�
afc2)¼ (1.38, 1.09); and (d) optimal control. S1: (f �1 , U

�
afc1)¼ (0.96, 1.08), S2: (f �2 , U

�
afc2)¼ (1.38, 1.09). The red arrows represent the actuated position,

and the blue lines denote the flow separation around the bluff body. The contour resolution is �¼ 0.04. U1¼ 19m/s.
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velocities uH and uK are measured simultaneously from the two cali-
brated hot-wire probes, which are located at the H point of (x/W,
y/W)¼ (1.39, �0.5) on the windward side and the K point of (x/W,
y/W)¼ (1.50, 0.5) on the leeward side (Fig. 13). The separation
between the H and K point is W in the y direction. There is a pro-
nounced peak at f � ¼ 0.15 on the power spectra E for both uH and uK
under the no control case [Figs. 13(a) and 13(b)]. The same observa-
tion is further clarified for the co-spectra CouHuK between uH and uK in
Fig. 13(c). The f � ¼ 0.15 is identified as the nature vortex shedding fre-
quency, which is very close to the Strouhal number f � 
 0.13 for the
square cylinder at Re> 2� 104 in Refs. 37 and 38. The small discrep-
ancy may be ascribed to the length-to-width ratio of 0.9 for the present
bluff body, which is slightly less than 1. Compared to the no control
case, the peak completely disappears at f � ¼ 0.15 on both E and
CouHuK for the optimal control and the vortex shedding motion has
been significantly suppressed in the wake. This is consistent with the
observation on a drag reduction for the bluff body.11,39 In other words,
the trailing edge actuations stabilize the flow on the windward side and
reduce the separation region on the leeward side, resulting in drag
reduction and the suppression of the vortex shedding motion in the
wake.

VI. CONCLUSION

This work experimentally aims to perform the actuations on the
trailing edges to reduce the drag for a bluff body at a yaw angle of 10�.
Two loudspeakers are separately installed into the vertical trailing

edges of the vertical base, creating a zero-net mass-flux jet through ver-
tical slots. The maximum drag reduction is 2% and 1.5% for the single
actuation on the windward and leeward side, respectively.
Furthermore, the single actuation produces an energy efficiency of 6.4
and 4.8 on the windward and leeward side, respectively, implying the
high efficiency of this control strategy.

A genetic algorithm is introduced to optimize the actuations on
the trailing edges. Two sinusoidal signals are used to separately control
the actuators on the windward and leeward side. Therefore, four
parameters have been investigated, i.e., two frequencies (f1, f2) and two
peak jet velocities (Uafc1, Uafc2). The maximum reduction in Cd is 7%
for the optimal control, 5% higher than 2% for the best single actua-
tion. Thus, the optimal control obtains an energy efficiency value of
11.5, an 80% improvement compared to the best single actuation. The
result outperforms the actuations on the front edges of a yawed bluff
body, where only 3% drag reduction of increase (from 17% to 20%) is
achieved in our previous work.27 This is ascribed to the different loca-
tions of the upstream and downstream actuations. The upstream
actuations could interact with an easy-to-manipulate boundary layer
and further influence the wake behaviors, while the downstream actua-
tions have a direct impact on the flow characteristics in the wake.9,11

This observation poses a great challenge to control strategies for
improving the performance of the downstream actuations. As a result,
the genetic algorithm tunes the control parameters based on a trial-
and-error method and provides a useful tool for substantially enhanc-
ing the control performance of the downstream actuations.

FIG. 11. Iso-contours of urms in the wake of a bluff body. Refer to Fig. 10 for the control parameters in (a), (b), (c), and (d). The contour resolution is �¼ 0.01. U1¼ 19m/s.
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FIG. 12. Distributions of (a) �U – x at y/W¼�0.68, (b) �U – y at x/W¼ 0.11, (c) �U – x at y/W¼ 0.2, (d)urms – x at y/W¼�0.68, (e)urms – y at x/W¼ 0.11, and (f)urms – x at y/
W¼ 0.2. The control parameters are as in Fig. 10. U1¼ 19m/s.

FIG. 13. (a) Power spectra E of uH at the H point of (x/W, y/W)¼ (1.39, �0.5) on the windward side; (b) power spectra E of uK at the K point of (x/W, y/W)¼ (1.50, 0.5) on the
leeward side; and (c) co-spectra CouHuK between uH and uK, measured simultaneously from the two calibrated hot-wire probes. The control parameters are as in Fig. 10.
U1¼ 19m/s.
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The measured data from the force balance and hot wires are ana-
lyzed. A number of observations are made. First, the power spectra of
the drag suggest that the optimal control has substantially minimized
the energy on the natural frequencies f � ¼ 0.13–0.14 of the bluff body
mechanical system, further suppressing the vibration of the bluff body
and stabilizing the flow in the wake. Second, the S1 control stabilizes
the flow along the streamwise direction on the windward side, and
further results in a reduction of flow separation on the leeward side.
Thus, the drag has been reduced for the bluff body. For the S2 control,
the actuation, produced on the leeward side, is used to reduce the sepa-
ration region in the wake and obtains a drag reduction. Finally, the
optimal control takes full advantage of actuations on both the wind-
ward and leeward sides to lead to the maximum suppression on the
separation region and vortex shedding motion, thus obtaining the
highest drag reduction.

For future work, we aim to develop a genetic algorithm strategy
to combine the leading with trailing actuations, thus making a com-
plete flow optimization for the bluff body.
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