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The wake topology of a bluff body, representative of a road commercial vehicle, manipulated by different control laws
for pulsed jets located at the trailing edges of the model is presented and discussed. The parameters of the control laws
have been identified through previous work, in which a Deep Reinforcement Learning (DRL) algorithm was trained
under different conditions to achieve drag reduction first and also taking the energy budget into account. The focus of
this work is to understand the mechanisms through which the DRL agent can reach the objective in four distinct cases,
with different size of the state and reward definition. Planar and stereoscopic Particle Image Velocimetry measurements
were carried out at different planes in the body’s wake. The findings suggest that, when large drag reduction conditions
are achieved, the recirculating flow bubble is shortened in the streamwise direction, the wake becomes symmetrical
in the streamwise-vertical plane at the symmetry station along the cross-stream direction, and there is a substantial
pressure recovery at the base of the model. In these conditions, the wake topology drastically changes with respect to
that of the natural case. Conversely, when the energy budget is introduced, the modification of the recirculating flow
bubble is smaller as a consequence of the reduced actuation. This study, thus, while complementing the previous work
with flow physics analyses, gives valuable insights on the wake topologies to aim for when targeting pressure drag

reduction through active flow control strategies.

I. INTRODUCTION

The reduction of aerodynamic drag exerted by vehicles re-
mains an important topic for reducing of pollutants, fuel con-
sumption, and costs. In their study, Mohamed-Kassim and
Filippone ! noted that a decrease in drag ranging from 7% to
10% corresponded to a reduction in fuel consumption ranging
from 2.7% to 5.2%. The importance and immediacy of drag
reduction have been amplified in recent times due to the pro-
liferation of electric vehicles. Indeed, the need to minimize
aerodynamic drag is paramount for electric vehicles to maxi-
mize the vehicle range.

When considering a typical city car, the definition of its
geometry is not particularly constrained by its operation, so
it is possible to choose designs that are more efficient from
an aerodynamic perspective. This is further facilitated by the
typical operating conditions of city cars, which operate at rel-
atively moderate velocities. However, this is not the case for
commercial transport vehicles. The need for as much volume
as possible makes it difficult to optimize the geometry, due to
aerodynamics considerations, which usually results in bulky
shapes. In addition, the high velocities at which these ve-
hicles usually travel, especially on highways, exacerbate the
issue. It has been shown? that at high speeds (130 km/h), the
aerodynamic drag is about 80% of the total drag, compared to
50% at low speeds (50 km/h). The constrained optimization
space, coupled with the regulatory framework, makes chal-
lenging aiming at any geometry optimization for drag reduc-
tion and/or incorporation of aerodynamic appendages. There
is therefore a large potential for active flow control to mini-
mize the drag of these vehicles.

The boxed shape of transport vehicles can be schematically
represented as a three dimensional bluff body which tends to

generate complex wake flows>~!!. The time-averaged velocity
field is characterized by the presence of two large recirculation
zones resulting from the separation of the shear layers from
the top and bottom edges of the model’s base!>!3. Even in the
case of an axisymmetric shape!#, the separated flow exhibits
a recirculating flow region when the base is perpendicular to
the body longitudinal axis.

The wake flow is significantly affected by two main fac-
tors: the square back aspect ratio H = H/W and the ground
clearance ratio G = G/W, where H, W are the base height
and width while, G is the underbody clearance®® and the
overbar denotes and will denote throughout the article non-
dimensional quantities.

An essential finding highlighted in Bonnavion and Cadot %
is that, for the boat-tail geometry, the after-body generates
four strong longitudinal vortices at each corner of the base,
significantly impacting the closure of the recirculation bubble
compared to what is observed for the square-back after body.

In Liu ef al.3, a conceptual flow structure model, based
on their data and following in works in the literature!>23, is
proposed for a low-drag Ahmed body with a slant angle of
35°, encompassing both steady and unsteady flow structures
around the body.

The interplay between the haripin vortices emanating from
the recirculation bubble!”-'8, the side vortices generated at the
sidewalls and the lower vortex' are at the core of a large body
of research aimed at reducing the drag of bluff bodies. Among
these, active flow control approaches are reporteed in’+27.

Li et al.*® propose a control approach based on a closed-
loop opposition control scheme with pulsed jets on both sides
of the base. The main objective was to manipulate the wake
by forcing it on either side and to ultimately achieve drag re-
duction. This approach is supported by the findings presented
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in Barros et al.”, which demonstrated that forcing at low fre-
quencies applied on one side of the base, targeting time scales
comparable to those dominating the shear layer dynamics, has
the capability to reverse the wake asymmetry of the Ahmed
body.

While active techniques demand a more intricate imple-
mentation, they confer the distinct advantage of geometric
non-intrusiveness. Moreover, they generally yield superior
drag reduction values. It is crucial to underline that, for a com-
prehensive evaluation of the technique, the overall efficiency
must be duly considered, taking into account the power sup-
plied to the control system in the energy budget.

Cerutti et al.'? carried out an experimental investigation to
determine the effectiveness of continuous blowing to control
the near wake of a square-back road vehicle. The authors ev-
idenced that continuous forcing can lead to drag reduction as
large as ~ 12.7%. They also showed that the forcing can be
tailored to minimize the power consumption, leading to lower
values of drag reduction ~ 7%.

In the realm of fluid dynamics and control theory, the ad-
vent of Deep Reinforcement Learning (DRL) stands as a
pivotal advancement, especially praised for its efficacy as
a closed-loop flow control technique?®. DRL represents a
paradigm shift in flow control methodologies, leveraging the
power of artificial intelligence and neural networks to navigate
complex and dynamic flow environments?’-2°3*, By integrat-
ing principles from reinforcement learning with deep neural
network architectures, DRL frameworks are adept at learning
optimal control policies directly from observational data or
simulations, without necessitating explicit knowledge of the
underlying flow physics but enabling agents to learn by inter-
acting with an environment and receiving rewards for desired
behaviors.

The application of DRL to drag reduction scenarios is par-
ticularly noteworthy, as it offers a versatile and adaptive ap-
proach to mitigating aerodynamic drag. In contrast to the
numerical context, where applications of DRL are prevalent,
in the experimental context applications are severely limited.
The use of DRL in an experimental context allows bypass-
ing the challenges associated with high-fidelity simulations at
high Reynolds numbers, although other challenges related to
implementation and the need for sufficiently high sampling
rates persist.

In a previous study, related to the one currently presented,
Amico et al.*® trained different DRL agents to obtain forc-
ing conditions leading to the drag reduction scenario of the
same commercial road vehicle of Cerutti ef al. '> by means
of 4 pulsed jets, one per edge of the model base, with ad-
justable exit velocity (U;) and pulsation frequency (f;). The
authors explored the effect of the dimension of the state and
the reward definition on the optimal forcing. The investigated
cases, with the definitions of the state and reward, are summa-
rized in Table I. The results showed the agent’s capability to
adapt to changed reward definitions. In particular, a first agent
was trained to maximize a reward (r) defined as

r=Cdy—Cd = ACd (1)

where Cd and Cdj are the drag coefficients in the forced and

unforced conditions, respectively.

The efficiency is defined as suggested by Englar3®, who
analysed the receptivity of the wake with respect to the varia-
tion of the drag coefficient and the jet momentum coefficient
Cu:

ACd  Do—D
CIJ B Nje[s
V¥ b
]:
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where p is the air density, A} is the cross-section of the j-th jet,
V; is the exit velocity of the j-th jet and D and Dy are the drag
in the forced and unforced conditions, respectively. The de-
nominator term takes into account the amount of momentum
associated with the jets.

The result of eq. 2 can take both positive and negative val-
ues; in particular, drag reducing configurations are associated
to positive values. Furthermore, values of Ac—i" > 1 correspond

to energy-efficient configurations.

For two different cases (3 and 4, see Table I), the agent was
trained to account for the efficiency by introducing a penaliza-
tion term ky, in the definition of the reward, as it is customary
for DRL applications?6-30:

r=Cdy—Cd+ky = ACd +ky 3)
with ky
N: J—
1 e Vk—V'
ky = — ! 4
H 101.;1 Vinax @

where Vi and V,,,, are respectively equal to 6.5 V and 9.5
V and correspond to the reference voltage value and to the
higher value of the voltage supplied to the solenoid valves for
controlling the pulsed jets. The coefficient 1/10 is used to
make comparable the values of k;, and of ACd. Greater values
of this coefficient may favour energy efficient or ineffective
control strategies. The control voltage of the solenoid valves
is linearly related to the speed, as reported in Cerutti’.

The training of the agent is conducted using two distinct
state definitions, as outlined in Table I. The state is character-
ized by the distribution of the pressure coefficient Cp on the
base of the model.

< p>—<pe>

05-p-U2 )

where the subscript oo indicates freestream conditions and the
symbol <> indicates the mean value.

Subsequently, this definition is expanded by incorporating
fluctuating pressure (p’) via Cpgrys.

V< p?>

0.5-p-U.? ©
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|| State |Reward
Case 1 Cp ACd
Case 2 Cp+CpRMS ACd
Case 3 Cp ACd+ky

Case 4||Cp+Cprus ACd+ku

TABLE I: Summary of the state and the reward definitions
explored in®3.

In the case of maximum drag reduction, the agent learned
strategies to achieve drag reductions as large as 10%, with val-
ues of % of 5. In Case 3 and Case 4 the agent attains lower

values of drag reduction (approximately 5%) and greater effi-
ciency (around 10).

The present investigation builds upon the mentioned
results® to provide insights on the near-wake structure stem-
ming from the four aforementioned control strategies.

The paper is structured as follows: the experimental set-up
is described in section II. The baseline flow is described in
the section III A and, in section III B, the forced conditions
are analyzed and compared with the baseline flow. The flow
control mechanisms are discussed in section III C. In section
IV the conclusions of the work are drawn.

Il. EXPERIMENTAL SETUP
A. Wind tunnel and model

The experiments are carried out in the open-circuit wind
tunnel at Politecnico di Torino!'>!33%, The flow is accelerated
and conveyed to the test section through a convergent duct.
The rectangular test section (0.9 m and 1.2 m wide) is 6.5 m
in length with a small divergence angle of 0.1° to account for
the growth of the boundary layer on the walls.

The free-stream is characterized by a turbulence intensity

(TI), definedas TI = "l/r]’r * 100, equal to 0.35%.

The model used!>!'33 is a 3D printed square-back road ve-
hicle, see Figure 1, typically employed as heavy-duty vehicle,
with length (L), width (W) and height (H) equal to 412 mm,
170 mm and 200 mm, respectively.

The model is positioned with a vertical strut connected to its
roof. The strut, which acts as a mechanic amplifier, is embed-
ded in an aerodynamically shaped wing profile (NACA 0020,
with ¢/W = 0.07, where c is the airfoil’s chord) and it rigidly
connects the model to a one-axis load cell located outside the
test section to perform the drag measurements. The strut fair-
ing is also used to carry the pneumatic lines that supply the
jet’s air and the necessary wirings for the pressure scanner, mi-
crophone probes and the DAQ acquisition boards. The model
is positioned to keep a gap between the underbody and the
wind tunnel floor of G = 0.1. The frontal area of the model
is 3.1% of the cross-section of the wind tunnel (this value in-
creases to 4.5% when considering also the strut fairing).

The positioning of the model in the wind tunnel is carefully
defined to account for several issues that are typical of auto-

motive testing. The absence of the moving floor inevitably
modifies the structure of the underbody flow. While this can
be a significant issue when performing downforce measure-
ments, its effect on the measurement of the drag is much less
relevant. A large number of investigations are indeed per-
formed with a stationary floor and steady wheels®®3%. Wang
et al.’? carried out a comparison of wind tunnel data obtained
on the model employed for the present investigation with nu-
merical simulations to quantify this effect. The authors con-
firmed that the main effect is on the lift coefficient whereas
the effect on the drag coefficient is within 5% compared to a
configuration where the moving floor is employed.

The growth of the boundary layer on the wind tunnel floor
has been minimized by implementing a suction slit at about
two model’s lengths upstream of the model’s nose. The re-
sulting boundary layer integral parameters, as measured by
dedicated hot wire anemometry experiments, are such that
0*/G =0.07, with 8* being the displacement thickness of the
boundary layer. This value is in good agreement with other
investigations performed with a stationary floor*.

Uso-Lye s .
All the tests are conducted at Re = Tef ~ 10°, with

Lyey= w =0.185 m and U.. = 9.1 m/s being the freestream
velocity. The model is instrumented with static pressure taps
located at the base. The pressure signals are acquired us-
ing acrylic tubes connected to a Scanivalve pressure scanner
(ZOC33) with SmartZOC 100. The pressure scanner has a
full-scale (FS) of 2.5 kPa, with accuracy of 0.15% FS. The
pressure signals are sampled at a frequency of 50 Hz for 20
seconds, thus ensuring statistical convergence.

Furthermore, the back of the vehicle is populated with 16
Electret microphone probes whose electric signals are ac-
quired with National Instruments DAQ boards (NI-9215). The
microphonic probes were previously calibrated against a high
sensitivity microphone Bruel and Kjaer 4939. The micro-
phone signals were acquired at a frequency of 2 kHz for 40
seconds.

B. Flow actuation system

The drag measurements were performed using a one-axis
Dacell UU-KO002 load cell with a full scale FS = 2 Kg¢ and
a rated output equal to 1.5 mV/V 4 1%. The excitation volt-
age was set to 10 V using a stabilized AL862D 0-30 V power
supply. The output signal is then amplified using a dedicated
conditioning module.

The forcing is obtained by four air jets slits located along
the edges of the model’s base, as schematically depicted in
Figure 2. Each actuator is a cylinder with a rectangular slit
of 1 mm along its length, as the one implemented in previous
investigations!>13-3340_ In the present case, a fixed injection
angle of 65° towards the centre of the wake is considered. The
slits have a length of 104 mm in the case of the top and bottom
slits, and 132 mm in the case of the lateral slits.

A schematic representation of the air supply that feeds the
jets is reported in Figure 2. A pneumatic line with a maximum
operating pressure of 10 bars feeds the system. The flow rate
supplied to each of the jets was measured using three inde-
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FIG. 1: Schematic representation of the wind tunnel model used for experiments: a) isometric view with the indication of the
reference frame; b) side view and c¢) back view. The colored continuous lines represent the injection slits of the active flow
control system. Dimensions are in mm.

pendent flow meters (model IFM Sd8000). The flow control
system is designed in a way such that it allows the indepen-
dent activation of the top, bottom and lateral jets.
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FIG. 2: Schematic representation of the jets’ air supply
system.

The flow rate was varied using three solenoid valves that
can be modulated according to different control laws. It must
be specifically noted that the lateral jets are connected to the
same valve and, as such, were actuated according to the same
control law.

The control laws were of the form:

ijax - Vmin ijax + Vmin
2 2

where j indicates the lateral, top or bottom jet. V,,,;, represents
the minimum operating voltage of the valve (equal to 5.5 V)

Vi= . Sii’l(27'l?fj 1)+ @)

V; the amplitude selected by the agent and f; the frequency of
the actuation. Following eq. 8 and eq. 9 the amplitude and
frequency were normalised to attain values between £14142,

Vimax — Vi

A, —p.Jmex Tmmn 4 (8)
“ Vmax_Vmin
fj_fmin

Ay =2 i Jmin_ 9)
/i fmax_fmin

where Viyax = 9.5V, fnar = 30 Hz and f,,,;, = 0 Hz, owing to
the working envelope of the valves. When each of the two
parameters attains a value equal to -1, this corresponds to a
null value of the voltage or frequency, while when it attains a
value of 1, the voltage and the frequency are maximum. Fur-
thermore, the condition Ay = —1 corresponds to the case of a
steady jet injection.

C. Flowfield measurements

Velocity field measurements were performed in the vehi-
cle wake by means of PIV (Planar Particle Image Velocime-
try) and sPIV (Stereoscopic Particle Image Velocimetry), as
sketched in Figure 3. The PIV measurements were instead
carried out at the symmetry plane % = 0. The sPIV measure-
ments were carried out at five different streamwise locations
(v =0.15,0.4,0.6,0.8,1.0).

The illumination of the tracer particles is obtained using a
Dantec Dynamics Dual Power Nd: YAG laser characterized by
200 mJ/pulse and 15 Hz maximum repetition rate. The laser
beam was shaped into a sheet having a thickness of about 1
mm, using a spherical and a cylindrical lens.

The flow was seeded upstream of the stagnation chamber
using HAZEBASE fluid. The liquid droplets of 1 tm in diam-
eter were generated using a Safex Fog generator FOG 2010.
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The PIV and sPIV images were captured using two An-
dor sCMOS 5.5 Mpx cameras each equipped with a Tokina
100 mm Macro lens equipped with Scheimpflug mounts to
ensure a uniform focusing. The resulting digital resolution
was 13pix/mm and 15pix/mm for the PIV and sPIV measure-
ments, respectively.

The field of view is 1.1x1W in the xz plane for the PIV
measurements, while it is 0.71x0.81W in the yz plane for the
sPIV measurements.

For each test, 2000 image pairs were captured, which en-
sured the convergence of the relevant statistics.

A POD based filter*> was implemented to mitigate the ef-
fect of the laser reflections on the wind tunnel walls and on the
model. This approach demonstrated to be much more effec-
tive than the minimum subtraction. Images deformation and
velocity vector fields interpolation was carried out using third
order spline functions***>. A Blackmann weighting window
is used during the correlation process to tune the spatial reso-
lution of the PIV process*S.

A geometric calibration of one camera for the PIV mea-
surements and of the two cameras for the sSPIV measurements
was performed. Images of a double plane target with white
dots on a dark background were acquired and then used to
perform the calibration with a pin-hole model. The resulting
root mean square of the error was of about 1 pixel on each
camera. A self-calibration*”*® was also performed to further
reduce the residual error below 0.1 px.

A multi-step algorithm was implemented to perform the
cross-correlation, and the final interrogation window size was
16x16 pixels, with 50% overlap, thus yielding a vector spac-
ing of 0.61 mm (PIV) and 0.55 mm (sPIV).

Owing to the wake symmetry with respect to the xz plane®,
reflectional symmetry was enforced by averaging out the ve-
locity fields obtained with the sPIV measurements for values
ofy>0andy<0.

I1l.  RESULTS

A. Baseline flow

In this section, the wake topology for the unforced (base-
line) case is discussed. In the following, the superscript - indi-
cates normalization with respect to the freestream speed U., or
the model’s width W for velocities and lengths, respectively.
All quantities reported are intended to be averaged over time.
We will denote u as the streamwise velocity (along x), v as the
cross-stream velocity (along y) and w as the vertical velocity
(along 2).

The streamwise and vertical velocity components measured
in the model’s symmetry plane (y/W = 0) are presented in
Figures 4a and 4b. As it is expected”*, a region of negative
streamwise velocity (# < 0) indicates the existence of a bub-
ble of recirculating flow, see Figure 4a. The u = 0 iso-line
(the dashed white line in Figure 4a) allows us to identify the
streamwise extension of this region in that plane. The recircu-
lating flow results to be embedded within two regions of posi-
tive streamwise velocity, representing the underbody flow and

the flow detatching from the model’s roof. In order to charac-
terize the recirculating flow, two quantities are introduced: the
centroid of the region with % < 0 (the bubble) and the length of
the recirculating flow Bi, defined as the maximum streamwise
extent of this region, measured from the model base.

The time-averaged vertical velocity w is reported through
colormaps in Figure 4b. The distribution shows a large asym-
metric clockwise recirculating motion owing to the presence
of the ground. The results in terms of # and W are in agree-
ment with the previous investigations’-3°. The interplay be-
tween the recirculating flow and the shear layers originating
at the top and bottom edges of the model base leads to the for-
mation of two vortical structures: a first one V},, that is close
to the base, whose centre is located at x = (.18 and near the
top edge; a second one, much smaller in size, located farther
downstream. This is not properly captured with the present
investigation due to limited spatial resolution, but discussed
in literature”°.

The pressure distribution on the base of the model is dis-
played in Figure 4c in terms of pressure coefficient Cp. The
spatially averaged pressure coefficient calculated across the
base is equal to Cp, = —0.12, in good agreement with previ-
ous measurements in the literature®!%13 for similar values of
the aspect ratio of the model’s geometry and of the Reynolds
number. The pressure distribution on the base of the model
is consistent with this recirculating motion (see Figure 4b and
4c). A high pressure region is identified for 7 < 0, correspond-
ing to the impingement of the lower part of the recirculation
region. The downward directed pressure gradient is then as-
sociated with the upward motion of the recirculating flow.

The centroid of the pressure distribution has been shown
to be related with the mechanism leading to drag reduction*.
Therefore, in Figure 4c, the location of the centroid calculated
as in eqs. 10 and 11, considering only half of the base in the
y-direction, is shown with a yellow marker and zg attains a
value of 0.03.

- Lo13i-Cp(viszi) (10)

YN Cp(irzi)

<
3l

b7 ZQ’:lﬂCP(yi,zl-)
Yoo Cp(yi,zi)

(1)

The streamwise (/u'), vertical (w'w’) and cross compo-
nents (#'w’) of the Reynolds stress tensor are presented in Fig-
ure 5. The component u'u/ (Figure 5a) exhibits two regions of
maxima in correspondence of the top and bottom shear layers,
related to the shear layers developing between the wake flow
and the flow emerging from the underbody/roof of the model.
On the other hand, the vertical component of the velocity vari-
ance w'w’ (Figure 5b) attains large values at the centre of the
recirculating flow (Z = 0), suggesting that the wake is mean-
dering leading to strong fluctuations in the wall-normal direc-
tion is occurring.

The u'w' component (Figure 5c) is instead characterized by
negative and positive peaks in correspondence of the top and
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FIG. 4: Colormaps of time-averaged velocity: (a) streamwise velocity component, indication of the wake centroid along with
the iso-line of 7 = 0 (white dashed line) and the indication of the wake streamwise extent By, (black dashed line), (b) vertical

velocity component (w) with overlaid u — w streamlines of

in-plane velocity, measured in the xz plane (y = 0). (c) Pressure

coefficient distribution on the model base.

bottom shear layers, respectively. In particular, the shear lay-
ers are characterized by an inward spreading (i.e. towards the

centre of the wake) giving rise to negative/positive values of
u'w'.

The streamwise velocity component measured at X =
0.15,0.4, 0.6, 0.8 and 1.0 by sPIV, with overlaid streamlines
(v —w) are shown in Figure 6.

At x = 0.15 (Figure 6a), the streamline are consistent with
the presence of the recirculating flow, out of the measured
plane, thus evidencing the presence of a source in the mea-
sured plane. In all the remaining locations (Figures 6b, 6¢, 6d
and 6e), the flow shows the presence of two vortical structures

originating from the interplay between the wake flow and the
surrounding flow. It is noteworthy mentioning that the vorti-
cal structures labelled in Figure 6 will be further discussed in
section IIT C.

A three-dimensional reconstruction of the near wake of the
model obtained by interpolating with linear functions the mea-
sured sPIV planes is shown in Figure 7. In this figure, in order
to show more interesting flow features, we exploit the flow
symmetry with respect to y = 0 plane. Accordingly, some
feature are shown on the y > 0 side while other on the y < 0
side (and it is left to the reader to project the shown features
on the other side taking into account for the due sign change).
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FIG. 5: Colormaps of time-averaged velocity: (a) streamwise and (b) cross-stream components of the velocity variance. (c)
Streamwise-cross velocity covariance measured in the xz plane (y = 0).

In particular, Figures 7a, 7b and 7c display the lateral, rear
and top views of the flow, while Figure 7d shows the isomet-
ric view. The iso-surface of u = 0 is reported in blue, albeit
blanked for values of ¥ > 0 to improve the readability of the
plots. The Q-criterion is applied to the three-dimensional flow
field, to highlight the spatial arrangement of the vortical struc-
tures that populate the wake. In particular, of the regions with
value of Q >= 103, in Figure 7 are displayed those with val-
ues of @, > 0, color coded in yellow. In Figure 7, a downward
evolution of the streamwise structure is shown, originating
from the roll-up of the shear layers embedding the wake. The
green, red and magenta isosurfaces are color-coded according
tou'w’ <0, W'w’ > 0and u'v/ > 0, respectively. They highlight
that the evolution of the shear layer is inward spreading, thus
contributing to the closure of the bubble.

The identified isosurfaces allow us to delineate the charac-
teristics of the recirculation zone as highlighted earlier and
this analysis allows us to confirm that the isosurface # = 0
identifies the recirculation region. Therefore, for simplicity of
exposition, only the isosurface # = 0 will be used below to
identify the recirculation region.

The sPIV measurements give us access to some terms of
77 0U;

—uu’; 5.t and the turbulence
J 9x;

the turbulence production P =

3 —2
kinetic energy g% = % Y /;”, limited to y and 7 directed gra-
i=1

dient.

The P fields are depicted in Figures 8a-8¢ for X =
0.15,0.4,0.6,0.8, and 1.0 with overlaid isolines of ¢? =
0.08,0.15, and 0.30. A X = 0.15 the production term exhibits
a broad negative region, indicating that the mean flow extracts
energy from the turbulence. Moving downstream, X = 0.15,
the production increases, attaining P > 0 at the symmetry
plane only beyond X ~ 0.6, see Figure 8c. It is also worth
mentioning that the maximum value of production, within the
investigated flow domain, is obtained near the closure of the
recirculating flow bubble, i.e. for 0.8 < X < 1, see Figures
8d and 8e. This suggests that this is a region of intense shear
and Reynolds stresses, which in turn give rise to turbulence
production.

Regarding ?, a different trend is observed. Moving from
x = 0.15 in Figure 8a to X = 0.4 in Figure 8b, there is a de-
crease in the extent of the lateral regions of q*. However, for

X > 0.4, a consistent increase in ¢2 is evident, as seen in Fig-
ures 8c, 8d, and 8e. This can be explained by considering the
shear layers that originate at the edges of the base, which en-
close the recirculating flow bubble. As the flow evolves down-
stream, these shear layers subtract energy from the mean flow
and contribute to the turbulence production. The region im-
mediately downstream of the body initially experiences a high
level of turbulent kinetic energy due to the pressure gradient
and the flow is pushed towards the high-pressure zone, lead-
ing to an initial increase in turbulent kinetic energy. However,
immediately downstream of the body, the mean flow drains
energy from the turbulence as a result of the action of the low

pressure, causing a reduction of qf2 atx = 0.4, see Figure 8b.

B. Wake topology of the DRL-controlled flows

In this section, the near wake configuration resulting from
the four forcing conditions found by the agents trained
through DRL in Amico et al.3> are analyzed. Tables II and
IIT summarise the forcings considered in the present investi-
gation, in terms of the amplitude (eq. 8) and frequency (eq.
9) of the actuation parameters (Tab. II) and in dimensionless
units (Tab. III), respectively. The resulting drag reduction and
efficiency related to the control scenarios are also reported for
completeness in Tab II.

In particular, we will consider two conditions where the
DRL algorithm was trained to achieve maximum drag reduc-
tion with no constraints on the power expense, referred to as
Case 1 and Case 2 for simplicity, whereby Case 2 is charac-
terized by a broader state definition (as reported in Table I).
In Case 1, the state comprises of the static pressure coefficient
Cp on the model base, whereas in Case 2, the fluctuating pres-
sure coefficients Cp,,,; measured on the base are added. We
will also consider two conditions where a penalization term
was added to take into account the power spent in the actuation
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FIG. 6: Colormaps of streamwise time-averaged velocity % field atx = 0.15(a), 0.4(b), 0.6(c), 0.8(d), 1.0(e), view from
downstream, with v — w streamlines (in black).

(eq. 3), referred to as Cases 3 and 4 where, again the differ-
ence between Case 3 and Case 4 refers to the state definition
as for Case 1 and Case 2. Cases 1 and 2 show a very simi-
lar maximum drag reduction value (about 10%), while Cases
3 and 4 show a drag reduction value of about 3.5% and 5%,
respectively. For more information on the different definitions
of the two agents, please refer to Amico et al.3.

Case 1 Case 2 Case 3 Case 4

A, [Af A, [Af A, [Af A, [Af
Lateral || 0.93(-0.98| 0.8 |-0.98|-0.28[0.99| 0.31 |-0.99
Bottom ||-0.47{0.99 [-0.23| 0.9 |-0.28|0.69|-0.84|-0.52
Top -0.99(-0.12| -0.9 [-0.98{-0.95|0.43|-0.99-0.86
DR ~ 10% ~ 10% ~ 5% ~ 6%
ACd/Cy ~7 ~7 ~9.7 ~ 8.9

TABLE II: Summary of the non adimensional parameters A,
and Ay used in the forcing law and the DR ed ACd/C,
attained™.

For Case 1, Case 3 and Case 4, (see Tables II and III), the
agent identified the effect of the top jet as detrimental and as
such it turned it off. The result is in agreement with the open
loop studies presented by Cerutti et al'2. It should be consid-
ered that the identified forcing conditions can likely be also
influenced by the presence of the strut. Different is for Case

2 where, from the top jet, is introduced flow with velocity
equal to ~ 0.15 U, see Table III. The significant disparity
between the two control laws under the condition of maxi-
mum drag reduction, Case 1 and Case 2, is characterized by a
decrease in laterally introduced flow rate but an increase in
both upper and lower jet velocities, as presented in Tables
IT and III. Notably, for Case 2, the upper jet not only acti-
vates but also synchronizes with the lateral jet, both operating
at f =St = % =~ 0.01. Conversely, the lower jet pulses at

f ~0.56 in both Case 1 and Case 2.

Case 3 is characterized by large values of flow rate from the
lateral and bottom jets. On the other hand, in Case 4, there is
essentially a lateral actuation, with the bottom jet very close
to being switched-off. Nonetheless it is important to note that,
despite the two completely different forcing conditions, the
drag reduction values are very similar, as reported in Table II.
This is not surprising: given the complexity of the parametric
space, it is indeed expected that the resulting actuation law
might represent a local optimum.

In all the identified situations, a decrease in drag is ob-
served, consistent with the findings of Haffner er al.*.
Specifically, referring to Figure 4c, it is evident that for the
baseline case, the center of pressure CoP has a value of Zg > 0.
In Figure 9c, 9f, 9i the colormaps of the pressure coefficient
measured at the model’s base are reported. All the forced



Flow topology of Deep Reinforcement Learning drag-reduced bluff body wakes

0.5

[ 0
-0.5
0 1
T
0.5
> 0 =

-0.5

-05 0 05 1

X

I

FIG. 7: Projections and isometric views of the three-dimensional flow structures in the near wake of the model. Iso-surface of
7 = 0 (in blue) representative of the recirculating flow bubble. Iso-surface of Q = 103, color-coded in yellow for values of
@, > 0; green (red) iso-surfaces of u’'w’ < (>)0 (respectively). Magenta iso-surface of u'v' < 0.

Case 1 [ Case 2 Case 3 Case 4
Vmax Vmin ? Vmax Vmin ? Vmax Vmin f Vmax Vmin ?
Lateral || 1.60 | 0.00 [0.01| 1.47 {0.00{0.01| 0.50 {0.00{0.55| 1.06 | 0.00 |0.01
Bottom || 0.85|0.00 [0.56| 1.42 {0.00|0.56| 1.32 | 0.00|0.46| 0.23 |0.00 {0.14
Top 0.02 {0.00{0.24| 0.15 | 0.00 [0.01| 0.02 {0.00 [0.39] 0.02 | 0.00 |0.52

TABLE III: Summary of the adimensional control parameters V4, V nin and f.

cases are characterized by a downward shift of the centre of
pressure. This result is in agreement with what was presented
by Haffner er al. ** who suggested that an effective forcing is
obtained when the forcing is operated in the opposite direction
to that of the CoP position vector.

Analyzing the colormaps of the normalized time-averaged
streamwise velocity (see Figures 9a, 9d, 9g and 9j) and cross-
stream velocity (see Figures 9b, 9e, 9h and 9k), the effect of
the actuation is evident, as it causes an anticipated closure of
the recirculation bubble. This can be appreciated by observing
the value of By, which for Case 1, Case 2 and Case 3 reaches
values close to 0.5, compared to 0.85 in the unforced case. On
the other hand, Case 4 features a wake structure similar to the
unforced case. These differences can be justified in the light
of the previous consideration on the forcing conditions. In
fact the bottom jet has the greatest influence on the recirculat-
ing flow, as previously evidenced by Cerutti et al.'3, and it is
turned off for the Case 4. It is also important to highlight that
these results do not show a direct correlation between the size

of the recirculating zone and the measured drag. The angle
&, representing the orientation angle of the high momentum
flow resulting from the interaction between the bottom jet and
the underbody flow is also reported in Figure 9 for the Case 1,
Case 2 and Case 3. This is evaluated by calculating the angle
between the x-axis and the major axis of the ellipse that has the
same second moments of the region where % > 0.8 - max(%).
In addition to observing the trace of the forcing conditions
through regions of high % velocity in Figures 9a, 9d and 9g, it
is noteworthy to observe the introduction (in Case 1, Case 2,
and Case 3) of zones of counter-clockwise rotation (see Fig-
ures 9b, 9e, 9h and 9k). This is caused by the bottom jet,
which energizes the shear layer that develops from the lower
side of the base, thus leading to an anticipated interaction with
the shear layer originating from the opposite side. In these
conditions (Case 1, Case 2 and Case 3), there are two differ-
ent recirculating regions (Figures 9b, 9e and Sh): a first region,
reduced in size and displaced upwards, (V1,,,V2,, and V3,,
respectively for Case 1, Case 2 and Case 3), also evidenced in
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FIG. 8: Colormaps of P at X = 0.15(a), 0.4(b), 0.6(c), 0.8(d), 1.0(e) with overlaid v —w streamlines and 42 isolines for
g% = 0.08 (light green), 0.15 (light blue), and 0.30 (dark green).

Case 1 | Case 2 Case 3 Case 4
@max' 103 Qmean ’ 103 Qmax' 103 @mean . 103 @max ’ 103 Qmean ’ 103 Qmax' 103 émean : 103
Lateral 7.12 3.53 6.72 3.42 2.20 1.00 4.82 2.23
Bottom 3.05 1.47 5.05 2.38 4.7584 2.23 0.83 0.50
Top 0.07 0.07 0.52 0.29 0.09 0.08 0.07 0.06
Total 10.32 5.14 12.83 6.38 7.14 3.38 5.78 2.85

TABLE IV: Maximum and medium flow rates for the side, lower and upper jets normalised with respect to the freestream
velocity and the model width.. Total means the maximum flow rate obtained by summing the identified control laws.

the unforced case (V}, in Figure 4b), with a clockwise rotation.
A second region (V1 5u1,V 240wn and V34, respectively for
Case 1, Case 2 and Case 3), with a counter-clockwise rotation,
resulting from the mechanism mentioned above.

Case 1, Case 2 and Case 3 are also characterized by a dif-
ferent position of the saddle point along z, see the blue star
marker in Figures 9b, 9e and 9h. Case 1 and Case 2 feature
a symmetric configuration of the wake, with the saddle point
located at Z ~ 0 (see Figure 9b). Conversely, Case 3 displays
a stronger disruption of the wake structure, with the saddle
point being located at 7 > 0.

Indeed, the observed activation of the top jet in Case 2 (see
Tables IIT and IV), consequent to the alteration in the forc-
ing conditions, reveals a critical mechanism in achieving a

symmetrical wake configuration despite the differences in the
lateral jet flow rate. This phenomenon elucidates the inter-
play between various flow control parameters and their impact
on the wake structure. By strategically activating the top jet,
compensatory flow adjustments are made, effectively coun-
terbalancing the reduced flow rate from the side jets. Conse-
quently, this coordination ensures the desired wake symmetry.

Observing the recirculation bubble highlighted in Figures
9a and 9b, a notable difference emerges between Case 1 and
Case 2. In Case 1, the wake exhibits a greater extent in the 7
direction but a reduced streamwise extent compared to Case
2. This discrepancy can be attributed to the distinct forcing
conditions outlined in Table III. Specifically, the higher flow
rate induced by the lateral jets in Case 1 contributes to the
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FIG. 9: Colormaps of the time averaged streamwise velocity component measured in the xz plane (y = 0) (a, d, g, j). The
centroid of the wake is represented with a purple marker in (a), along with the iso-line of # = 0 (white dashed line) and the
indication of the streamwise extent of the wake BL (black dashed line). Colormap of the time-averaged vertical velocity
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component, with overlaid u — w streamlines, measured in the xz plane (y = 0) (b, c, h, k). Pressure coefficient measured across

the model base (c, f, i, 1): baseline (left side) and forced respectively on the left and right side, markers highlight y,, and z,.
From top to bottom: Case 1 (a,b,c), Case 2 (d,e,f), Case 3 (g,h,i) and Case 4 (j,k,I). The blue star denotes the saddle point

position. For each Case, point A and B represent the points of flow reattachment based on the model, while point A’ represents

the analogue for the baseline flow.
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FIG. 10: Colormaps of the streamwise (a, b, c, d), cross-stream (e, f, g, h) components of the velocity variance, and
streamwise-cross stream velocity covariance (i, j, k, 1) measured in the xz plane (y = 0). From left to right: Case 1, Case 2, Case
3 and Case 4.

development of the bubble predominantly in the 7 direction.
Conversely, in Case 2, the activation of the upper jet intro-
duces a new boundary, imposing constraints on the recircula-
tion bubble’s evolution. This, coupled with the lower lateral
flow rate, leads to a more elongated bubble in the X direction.
In the baseline case (see Figure 5b), the saddle point was not
well resolved, but as observed in Wang et al. 39 on the same
model, it is located at 7 ~ —0.2 and X ~ 0.9. By analyzing
the forcing conditions, it can be inferred that the effect of the
lower forcing is to move the saddle point upward. However,
without lateral forcing, the wake fails to symmetrize (Case 3),
as it can be inferred by comparing Figures 9b and 9e with Fig-
ure 9h. The effect of the lateral jet on the vertical position of
the centroid of the recirculation bubble (Figures 9a, 9d, 9g and
9h), although counterintuitive, can be justified considering the
existence of edge effects on the flow emerging from the jets.
The centre section is approximately located at the centreline
of the base. The lateral jets play a role in mitigating the effect
of the bottom jet in displacing the near wake upwards (Case
1, Case 2 and Case 3, respectively in Figures 9b, 9e and h).
As such, despite the bottom jet effect, for Case 4, the recircu-
lation region extends further downwards as clearly shown in
Figure 9j.

It is relevant to observe that, for the analyzed forcing condi-
tions, there is a correlation between the position of the saddle
point and the achieved drag reduction. The cases with the

largest drag reduction are those with a more symmetric con-
figuration of the wake in the xz plane (Case 1 and Case 2).
Conversely, in Case 3, despite the saddle point approaching
the base of the model, there is no symmetrization, and very
low drag reduction values are measured.

The pressure coefficient distributions measured across the
base of the model are reported in Figures 9c, 9f, 9i and 9l.
These distributions, as in the case of a larger value of drag re-
duction (Case 1 and Case 2 respectively Figures 9c and 9f),
involve significant pressure recovery and a reversal of the di-
rection of the pressure gradient with respect to the baseline
flow. The pressure recovery, compared to the baseline flow, is
about ~ 40% in Cases 1 and 2 and about ~ 16% in Cases 3
and 4.

The components of the Reynolds stress tensor measured in
the xz plane normalised with the maximum value of Reynolds
stress for the baseline case, as shown in eq. 12, are reported
in Figure 10.

u u
u. TP - (12)

5 max(uluj)b

where the subscript b stands for baseline case. Except for Case
4 (Figures 10d and 10h), where it was observed that the ef-
fect of the actuation in the xz plane is practically negligible,
the streamwise («/t/, in Figures 10a, 10b, 10c and 10d) and
vertical (w'w’ in Figures 10e, 10f, 10g and 10h) components
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FIG. 11: Colormaps of streamwise velocity u field at ¥ = 0.15 (a, b, ¢, d), 0.4 (e, f, g, h), 0.6 (i, j, k, 1), 0.8 (m, n, 0, p), 1.0 (q, r,
s, t) with v — w streamlines (in black).
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FIG. 12: Colormaps of P field at )_ci 0.15(a, b, c,_d), 0.4 (e, f, g,h),0.6(,j,k, 1),0.8 (m, n, o, p), 1.0 (q, 1, s, t) with overlaid
v —w streamlines and ¢? isolines for g = 0.08 (light green), 0.15 (light blue), and 0.30 (dark green).
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are intensified in the bottom region as a direct result of the
shears generated by the bottom jet. Additionally, the increase
in w'w’ suggested greater wake meandering, attributable to
lateral forcing. Meanwhile, the increased u/w’ stress values
(Figures 10i, 101 and 10m) indicate an intensification of the
shear layer generated between the wake flow and the under-
body flow.

From these analyses, it is evident that the introduction of
a large flow rate modifies the shear layer that originates from
the model edges, allowing for the anticipation of the closure of
the recirculating area, as previously observed when discussing
Figure 9. The results seem to confirm what was observed by
Castelain et al.*, who suggested that, if the underbody flow
is characterized by low momentum, it is unable to remain at-
tached to the ground and as a result, a direct backflow is gener-
ated towards the base with ground separation. By energizing
the underbody flow, the flow has sufficient momentum to be
channelled along the ground and avoid separation to withstand
the strong adverse pressure gardient at the base.

Figure 11 shows the sPIV fields of the streamwise veloc-
ity component measured at X = 0.15,0.4, 0.6, 0.8 and 1.0
with overlaid streamlines of the inplane velocity components.
By examining Figure 11, it becomes clear that the source,
present in the baseline case (Figure 6a also reported in Cerutti
et al. '?), appears severely modified. In Case 1 and Case 2, in
fact, as a consequence of the bubble shift towards the base of
the model, the source gets closer to the wall.

The imprinting of the forcing can also be observed in terms
of production P and turbulent kinetic energy g2 (see Figure
12). For Case 1, Case 2 and Case 3, the large flow injec-
tion through the bottom jet leads to an increased production
for 7 < 0 at x = 0.15 (see Figures 12a, 12b, and 12c) with
peaks approximately located within —0.2 < Z < 0. This is
reasonable considering the jet arrangement, as described in
Tab. II, with an injection angle of 65° with respect to the xy
plane. Additionally, the larger values of production evidenced
at x = 0.6 (see Figures 12i, 12j and 12k) are a consequence of
the early closure of the recirculation bubble. As depicted in
Figures 12a, 12b and 12c, there are intense and shifted peaks
of production towards the midplane xz as a consequence of
the lateral forcing. Regarding g2, three different values of the
turbulence kinetic energy ¢? are represented by isolines in the
Figure 12, g> = 0.08 (light green), 0.15 (light blue), and 0.30
(dark green). High values of g% are observed for the section
closer to the base at x = 0.15 and X = 0.4. This can be justified
despite the expected increase in pressure being followed by a
decrease in ¢2. This is because of the higher negative W val-
ues. The forcing pushes the recirculation bubble towards the
base of the model, as evidenced in Figure 9d, 9¢g and 9j, result-
ing in a strong transfer of turbulent kinetic energy to the mean
flow in this region. Therefore, it appears that, under maximum
drag reduction conditions, the imposed forcing generates a re-
gion near the model’s base characterized by intense turbulent
activity. In this zone, energy is extracted from the mean flow,
facilitating the early closure of the wake and subsequently re-
ducing the values of g2 and P for sections located far from the
model’s base, see Figure 12.
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FIG. 13: Example of the application of I'; for vortex core
identification. This example is referred to the baseline Case
for ¥ = 0.4. The colormap denotes I'; > 0.5 in red, and
I't < —0.5 in blue, with overlaid v — w streamlines (in gray).

C. FLOW CONTROL MECHANISMS

To comprehend the mechanisms by which DRL agents
achieve their goals, we hereby compare the baseline flow with
the forced flows. To highlight the flow structures, the I';°0!
criterion was used. Namely, setting I'; equal to 0.5, it was
possible to identify the core of the vortex structures.

The outcomes of the I'l analysis are shown in Figure 13,
for one representative case (baseline case at x = 0.4), while
the results for all the other cases are reported only with the
schematics of Figure 14.

In this section we introduce the following labeling of the
vortical structures identified in the time-averaged sPIV mea-
surements of Figure 11: V fk;, j indicates j —th vortical struc-
ture identified at the i —th streamwise plane, the subscript f
indicates k — th forced case and b subscript the baseline one.

As shown in Figure 6a, the flow exhibits vortices (V b, 1 and
Vb, ) at the edges of the region where u ~ 0, extending in the
streamwise direction. From X = 0.4 to X = 0.8 (see Figures
11b, 11c, 11d and 11e), the identified structures (Vb3,1,V b3,
Vb4, and Vb, ) exhibit coherence in the streamwise direc-
tion. These structures are generated by the roll-up of the wake
detaching from the corners of the upper trailing edge. These
vortices are commonly referred to as C-Pillar vortices™ .

They surround the recirculation zone, as shown in Figures
6b, 6¢c and 6d. It can also be observed that these structures
tend to grow in the streamwise direction as they entrain mass
from the surroundings while they eventually undergo viscous
dissipation farther downstream. Additionally, the centers of
the vortical structures tend to move downward and toward
the symmetry plane until the bubble closes. Further down-
stream then they tend to move outward (see Figures 6d and
6e). This phenomenon is evident at ¥ = 1.0, where the recir-
culation bubble is closed.

Starting from ¥ = 0.8 (see Figures 6d and 6e), an upward-
directed flow is observed for z < 0. This is likely the flow
originating from the detachment of the lower bubble (see Fig-
ure 4a and 4b).
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FIG. 14: Schematic representation of the wake for the baseline case (a and b), Case 1 (c and d), Case 2 (e and f), Case 3 (g and
h) and Case 4 (i and j). Rear views from downstream (left columns) and side views from the left side (right columns). For the
forced cases,the side jets are shown with blue arrows, the top jets with green arrows and the bottom jets with red arrows. The

color intensity qualitatively describes the jet amplitude with darker colors representing larger amplitudes. The structures
highlighted in (a) and (i) are color-coded by the different investigation plane.
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Analyzing the forced conditions, a first point to take into
account is the existence of vortical structures with vorticity
of opposite sign compared to the baseline case in Cases 1, 2,
and 3 (refer to Figure 11, for examples V f1; 1, V f21 1, and
V £31,1), but this phenomenon is not observed in Case 4. This
can be explained by examining the forcing conditions (refer
to Tables II and III). The reversal in the sign of vorticity can
be attributed to the influence of the bottom jet. This statement
becomes understandable when taking into account the edge
effects of the bottom jet, which result in a higher flow rate in
the central region compared to the peripheral areas. When the
incoming flow from the bottom jet encounters a flow in the
opposite direction, a saddle point is formed. Consequently,
a recirculation zone is created, similar to what occurs with a
cross-flow jet>2.

In Case 1, as depicted in Figure 11a, the phenomenon de-
scribed in the previous paragraph becomes evident. Two vor-
tical structures (V 111 and V f1; 5) with @, < 0 for y > 0 are
observed, as also sketched in Figure 14c. The vortices present
in the baseline case are significantly reduced in size, and
their presence is not visible within the measurement plane.
However, at X = 0.6, in Figure 11i, two structures become
noticeable for ¥y = 0.15. They could be attributed to the
aforementioned vortices resulting from the flow detachment
from the model’s roof, which coalesce with the structures re-
sulting from the closure of the recirculation zone®. As ob-
served for the baseline case, these structures tend to develop
in the streamwise direction, coexisting with the structures
(V f153,V f15 4) originating from the interaction beteween the
underbody flow and the bottom jet (see Figure 11i).

In contrast to the baseline case, the lateral structures identi-
fied at x = 0.8 and 1.0 (see Figures 11m and 11q) may not be
solely attributed to the detachment of the flow from the side
walls of the model. The lateral jets narrow the recirculation
zone (see Figure 11e). Consequently, the flow tends to twist,
giving rise to a vortical structure that intervenes between the
lateral vortices and the recirculation bubble.

As noted earlier, for both Case 1 and Case 2, the presence
of structures Vy,, | and Vpy, , (refer to Figure 11b) is evident,
which can be attributed to the interaction between the lower
jet and the recirculation bubble. However, it is crucial to high-
light the presence of structures Vyo, | and Vo, , in Figures 11j
for Case 2. These structures exhibit a vorticity opposite in sign
to those identified for the baseline flow, represented by Vj;
and Vp > in Figure 11b. The appearance of Vi, , and Vyp,,
can be explained by considering the introduction of flow from
the top jet for Case 2. Similar to the mechanism described ear-
lier for the bottom jet, the interaction between the jet outflow
and the recirculation bubble gives rise to these structures. An
outline of what has been said so far is shown in the sketches
of Figures 14e, 14f and 15c. Although the mechanism is the
same, the structures related to the bottom jet are evident as
early as x = 0.2, see V f2, 1 and V 2, 1 in Figure 11b, while
those related to the top jet are only evident from X = 0.6, see
Figure 11j. This is motivated by considering that the forcing
related to the bottom jet is much more intense than the top jet,
see Table III. For Case 2, where the C-pillars are not visible
within the investigation region, it is reasonable to state that the

structures Vy, , and Vp,, , intervene between the recirculation
bubble and the C-pillar. Consequently, these structures effec-
tively displace the C-pillars beyond the investigated region.

A reduced mass flow rate from the bottom jet allows the en-
try of the vortical structures originating from the model’s roof
within the imaged area. Furthermore, in Case 2 at x = 0.6
(see Figure 11j) a pair of vortices is clearly visible. These
vortices are likley originated from the front wheels, as sug-
gested by Wang e al. °. These, as reported in®”, are localized
for || > 0.5 and thus are not visible in the investigated region.
Instead, here (Case 2) the presence of a more flattened inward
wake draws these structures inward.

Case 3 and Case 4 are also of particular interest since their
forcing conditions reflect those identified by the agent when
energy budget considerations were accounted for in the re-
ward definition. For Case 3, as sketched in Figures 14g and
14h, the bottom jet injects flow at a higher angle relative to
the streamwise direction compared to the previous case (Case
2), see Figures 9a, 9d, 9g and 9j, as previously discussed. For
Case 1 and Case 2, the lateral forcing was particularly intense
(see Table III), causing the outflow from the bottom jet to de-
viate. As a result of lower flow rate from the side jets, there
is an upstream shift of the recirculating flow (B, ~ 0.507, see
Figure 9g). Simultaneously, it introduces an upstream shift
in the formation of the lower vortex structures observed for
Cases 1 and 2 (see Figure 9c). These structures are likely a
consequence of the interaction between the high-speed flow
originating from the underbody and the flow from the bottom
jet. Comparing the three cases examined so far (Case 1, Case
2 and Case 3), it can be stated that the upstream shift of the re-
circulation bubble closure is primarily influenced by the lower
jet.

Moving downstream (see Figures 11o and 11s), it is ob-
served that for y > 0, structures that could be attributed to the
C-pillar vortices become evident with an upward shift of these
structures.

A schematic representation of the wake characteristics for
Case 4 is shown in Figure 14g and 14h. The forcing from
the bottom jet is minimal, unlike the lateral forcing, as evi-
dent in Figures 11d and 11h where the lateral compression of
the recirculation zone is noticeable. It is crucial to note that
the structures present, however, are comparable to what was
observed for the baseline case with a shift toward y ~ 0.

The lateral forcing introduces momentum near the center-
line. While this does not lead to an upstream shift in the clo-
sure of the recirculation bubble, it does bring the vortex core
(see Figure 9k) closer to the base of the model and causes it
to shift upward. Consequently, there is a shift of the stagna-
tion point to 7 > 0, as observed in the shift between A’ and A
(see Figure 9k). This shift leads to a recovery of pressure and
consequently to a reduction in drag.

IV. CONCLUSIONS

In this study, the wake topology of a road-vehicle model
manipulated with pulsed jets was investigated by means of
planar and stereoscopic PIV. The control laws were defined
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(b)

FIG. 15: Schematic representation of the wake for Baseline Case (a) and forced case under maximum drag reduction conditions
(b and c).

for training a DRL agent, aimed at maximizing a reward based
either on the drag reduction alone or accounting also for the
efficiency in the actuation.

The conditions that achieve significant drag reduction are
characterized by a large pressure recovery at the base of the
model. The extent of the recirculating region is shortened
with respect to the unforced case, with values of B;, reduc-
ing from 0.8 down to 0.5 and 0.6, respectively in Case 1 and
Case 2. Furthermore, the vortical structures in the xz plane at-
tain a symmetric configuration, with a saddle point that shifts
upward toward the centre of the wake. The model sketched
in Figures 15b and 15c, shows the wake configuration under
the maximum drag reduction condition, Case 1 and 2. It is
possible to observe an upward shift of the C-pillar and a com-
pression of the recirculation bubble toward the model’s base,
leading to larger pressure recovery, can be observed. The in-
teraction of the underbody flow with the recirculation bubble
creates a vortex structure that evolves in the streamwise di-
rection. In Case 1, a discernible upward displacement of the
C-pillar and compression of the bubble towards the model’s
base are evident, leading to a larger pressure recovery. Ad-

ditionally, for Case 2, the emergence of structures associated
with the interaction between the top jet and the recirculation
bubble is observed. Through the conducted analyses, it be-
comes apparent that the agent can identify the condition of
maximum drag reduction, characterized by wake symmetriza-
tion, and achieves this configuration using different control
laws. Notably, for Case 2, that agent substitutes the flow re-
duction from the side jet with the synchronized activation of
the top jet.

In contrast, the conditions that took the energy budget into
account (Case 3 and 4) showed a wake more similar to the
natural with a streamwise extent of the recirculation bubble
ranging from By = 0.5W to By = 0.75W, respectively for Case
3 and Case 4. Nevertheless, for Case 3, the wake, retains a
symmetrical configuration in the xz plane.

These results suggest that the flow injection from the bot-
tom jet is an effective way to achieve drag reduction (~ 10%),
as it anticipates the closure of the recirculating zone by mov-
ing the interaction between the shear layers generated by the
top and bottom model edges further upstream. However, this
method requires significant energy consumption.
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On the other hand, lateral flow injection can achieve good
drag reduction values (~ 5%) with less energy expenditure
by relying on the symmetry of the wake on the vertical plane
rather than modifying the interaction of the shear layers.

Further investigations are needed to gain a deeper under-
standing of the underlying mechanisms of the achieved con-
trol, by investigating the aspect related to the dynamic evolu-
tion of the flow. However, it is important to note that during
evaluation, as reported in Amico et al.?>, each agent adopts a
forcing configuration that it tries to maintain throughout the
episode. This is a result of greedy training, as the imple-
mentation follows a one-step Deep Reinforcement Learning
approach. Undoubtedly, the lack of foresight from the agent
leads to a failure to explore potentially more complex dynam-
ics compared to a one-step approach, which could result in
greater drag reduction. On the other hand, having found a
single forcing condition for each agent that leads to a subop-
timal condition allows for the exploitation of this configura-
tion in open-loop approaches. Furthermore, the use of a data-
based approach allows for the generation of a large dataset of
states at the end of the training, specifically for this work, the
pressure distribution on the model base, which can be used to
modify the model geometry and thus to obtain passive control
techniques.
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