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Low-order modelling of bistable dynamics: application to the case of an Ahmed body

Bérengere Podvin* Stéphanie Pellerin "Yann Fraigneau *

Under certain conditions, the wakes behind bluff bodies representative of road vehicles are characterized by
apparently spontaneous switches between quasi-steady reflection-breaking states [1]. The typical time separat-
ing switches is several orders of magnitude larger than the convective time scale, which makes them difficult
to track in numerical simulations [2]]. Understanding the physics of the switches and modelling their statistics
[3] is of direct engineering interest as these asymmetric states have been shown to correspond to a higher pres-
sure drag. However, such modelling approaches are also relevant for a wide class of turbulent flows for which
multistability appears to be a generic feature, such as Rayleigh-Bénard convection [4]] or flow interaction with
a pendulum [5].

We describe a general framework in which a hierarchy of models can be constructed to capture the flow
dynamics. The models are derived by projecting the Navier-Stokes equations onto a basis of modes obtained
through application of Proper Orthogonal Decomposition (POD). Closure of the equations is performed using a
modified eddy viscosity hypothesis where the dissipation parameters are determined from the identified quasi-
steady states [6].

The procedure was applied to the direct numerical simulation of the flow around a squareback Ahmed body
at a moderate Reynolds number (see figure[I). The dataset from which the modes are extracted was artificially
enlarged to satisfy the statistical symmetries of the flow [7]. Switches in the main deviation of the wake were
found to be associated with a specific spatial POD mode, termed the switch mode, which corresponded to faster
flow on the upper side of the wake, and slower flow on its lower side. A six-mode model was able to display
wake switching dynamics in the absence of noise, and to reproduce more closely the features of the switches
when noise was added into the equations. The onset of the switches in the model was shown to coincide with
the activation of the switch mode and with an increase in the intensity of POD modes corresponding to vortex
shedding [8], as shown in figure

POD modes were also found to be relevant to describe the connection between pressure and velocity fluctu-
ations in the near wake. It was shown that the dominant pressure modes could be correctly estimated from the
velocity field. Conversely the switch and deviation modes could be recovered directly from the pressure, which
was not the case for the vortex shedding modes [9]. These findings raise the possibility that the models could
be used as low-cost surrogates to estimate or predict broad changes in the flow dynamics.
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Figure 1: Instantaneous snapshot of the flow behind the Ahmed body for a Reynolds number of Re = 10* -
Isosurface of Q criterion colored by streamwise velocity
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Figure 2: Time series of POD modes integrated with the low-dimensional model - adapted from [§]]



EFFECTS OF UNDERFLOW PERTURBATIONS ON THE WAKE AND
DRAG OF THREE-DIMENSIONAL BLUFF BODIES
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Abstract

The impact of underflow perturbations on the wake and
aerodynamic drag of fast- and square-back bluff bodies
is investigated. A pair of D-shaped obstacles is placed
under the bodies and the relative distance | between the
obstacles and the body base is varied. For both bodies,
we reveal two successive drag-sensitive regimes for I/d <
2.5 (d is the obstacle width). In these regimes, we find
that a mean mass transfer from the body wake to the
obstacle wakes is responsible for a base drag increase of
up to 16% and is not sensitive to the body shape. Finally,
the differences in the influence of the obstacles between
these two bodies are discussed.

1 Introduction

The wheels themselves and their interactions with the
main body of a vehicle are responsible for more than
25% of the aerodynamic drag [1]. Therefore, the wheel-
vehicle aerodynamic interaction problem is one of the
major factors to be considered during the aerodynamic
optimization process.

The nature of wheel-vehicle aerodynamic interaction
was studied in [2] with a basic question: what are the
salient features of the flow perturbations induced by
wheels that drive this interaction? Starting from rotat-
ing/stationary wheels having representative deformable
tires [3], it was shown that the momentum deficit cre-
ated in the underflow by the wheels, in particular the
rear wheels, is an important enabler to this interaction.
At first order, it is therefore believed that wheels can be
seen as underbody perturbations and that the key aero-
dynamic features are the underflow blockage, the wheel-
wake development in the underflow and its interaction
with the near wake of the vehicle.

Following the preliminary tests carried out in [2], our
choice has been to use a Windsor body [4] and to perturb
the wake of this geometry by placing, in the underflow,
a pair of streamlined “D-shaped” obstacles of varying
width. The two obstacles are mounted at varying rel-
ative distances from the vertical base of the body. The
back shape of the Windsor body is varied in order to gen-
eralize the findings to different vehicle geometries and to
similar flow situations. Our goal is first to analyze how
the main wake of the body is modified by the wakes of
these obstacles, of much smaller size, developing along
the underflow. The final goal is to understand the flow
mechanisms responsible for the significant drag and lift
changes with varying obstacle-to-base distance found in

[2].

2 Experimental setup

The experimental setup is shown in figure Figure (1).
Two Windsor bodies are considered as shown in fig-
ure Figure (1)(a). The fast-back (square-back) Windsor
body with height H = 0.289 m, width W = 0.389 m
and length L = 0.986 m (1.147 m) is placed on a raised
floor in the S620 closed-loop wind tunnel at ENSMA
with a ground clearance of G = 50 mm. The length
of the slanted base L; having an angle of o = 20° is
0.222 m. A free-stream velocity Uy = 25 m/s is consid-
ered, corresponding to a height-based Reynolds number
Rey = 4.8 x 10°. The pressure on the base surfaces
is monitored by several pressure taps (shown in figure
Figure (1)(b) by points) connected to a pressure scan-
ner. Two differential pressure sensors (denoted by circles
in figure Figure (1)(b)) are additionally used for time-
resolved measurements. The velocity fields in the near-
wake are measured by a PIV (Particle image velocime-
try) system over two FOVs (fields of view) as depicted
in figure Figure (1)(c). They are respectively located in
the symmetry plane of the model (y/H = 0), and in a
cross-flow plane in proximity to the base (z/H = 0.03).
Two-component (2D2C) and stereoscopic (2D3C) PIV
set-ups are respectively used for the first FOV and the
second FOV.

The obstacles are of half-elliptic shape. Their length
equal to one and a half times the width d. The width
and height of the obstacles are d/H = 0.19 and h/H =
0.17, respectively. The height generates two § = G —
h =1.5 mm gaps between the body and the obstacles
which are carefully filled with high-density foams. The
relative distance from the base of the obstacle to the base
of the body is [, which ranges from 0 d (flush-mounted
to the base) to 5 d.

3 Results and discussion

The base drag C'p is defined as the opposite of the space-
averaged pressure coeflicient on the base surfaces. For
the fast-back configuration, the slanted angle is taken
into account for the calculation. The variations of the
mean base drag ACp = Cp — Cpg with the obstacle-
to-base distance [/d are shown in figure Figure (2)(a)
for both configurations. The subscript 0 denotes the
unperturbed baseline case (Cpgg = 0.197 for fast-back
and Cpo = 0.188 for square-back). For representative
cases, the distributions of mean base pressure difference
AC, = C), — Cy are shown.

First of all, a major difference between the fast-back
and the square-back configurations is noticed. When the
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Figure 1: Experimental set-up. (a) Arrangement of the model above a raised floor, a detailed picture of the obstacle
is inserted. (b) Locations of pressure taps on the base surfaces. (c¢) Positions of the particle image velocimetry fields
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Figure 2: (a) Base drag of the body ACp = Cp — Cpq as a function of the obstacle-to-base distance I/d. (b — c)
Comparison of base drag changes in regime I (b) and regime II (¢).

obstacles are placed the most upstream of the base at
the maximum [/d, no obvious change in the base drag is
measured for the fast-back. By looking at the pressure
distribution on the base surfaces, we notice that there
is a modification of the vertical wake balance for the
square-back configuration at [/d ~ 4 but not for the fast-
back configuration. This means that the wake balance
of the fast-back model is less sensitive to this type of
perturbation in the underflow.

Nevertheless, the trends of these two configurations
are very similar. Moving the obstacles from the most
upstream position (maximum //d) towards the base with
decreasing 1/d, a slight increase in base drag is noticed
before I/d = 2.5. From l/d = 2.5 to 0 with reduc-
ing obstacle-to-base distance, a rapid increase in base
drag is noticed. Maximally, we measure a base drag
increase of ACp/Cpo ~ 16%. By looking at the fluc-
tuating pressure and velocity signals behind the obsta-
cles (not shown here for brevity), two drag-sensitive
regimes are defined for both configurations. In regime
I (1.5 <1/d < 2.5) and the plateau, signatures of Kér-
man vortex shedding are noticed behind the obstacles. In
regime IT (0 < [/d<1.5), these signatures are suppressed.

By defining a base drag variant ACBI = (Cp —
Cp(l/d = 2.5), we notice in figure Figure (2)(b) that the
level of base drag increase in regime I from the plateau is
not varied by the shape of the body. Moreover, in regime
II, the base drag increase ACp is measured to be only
slightly modified.

Detailed pressure and velocity measurements not pre-
sented here for brevity, show that the sharp base drag
increases are driven by a mean mass transfer from the
main body wake to the wakes of the obstacles. This phe-
nomenon is insensitive to the change in back shape of

the body. On the other hand, the vertical wake balance
of the square-back body is found to be more sensitive to
the presence of obstacles than that of the fast-back body.
These detailed results along with a physical model will
be proposed and discussed at the conference in order to
explain why the strong interaction regimes are insensi-
tive to the shape of the body. These results can be also
found in our previous published papers [5, 6]. A more
applied situation with the use of rotating wheels is con-
sidered to validate the present findings [7]. We believe
that the mechanisms we have uncovered also govern sim-
ilar flow configurations, as seen in offshore facilities and
civil structures.
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EFFECT OF HEIGHT ON THE WAKE RECOVERY BEHIND
BUILDING CLUSTERS

Abhishek Mishra, Marco Placidi, Matteo Carpentieri, Alan Robins
Centre of Aerodynamics and Environmental Flow, University of Surrey, Guildford GU2

7XH, UK

To accommodate the growing population, tall buildings are being erected both in clusters and
in isolation. These buildings obstruct the atmospheric flows resulting in a significant impact on
wind comfort for pedestrians, surface temperatures, and dispersion of pollutants [1-3]. The
height of the buildings plays a pivotal role in interacting with atmospheric flows. Studies have
shown that tall buildings have a greater impact on the growth of the rooftop shear layer [4].
These tall buildings are also observed to affect aerodynamic properties such as drag [5, 6]. The
wake analysis of tall building clusters is complicated due to the existence of different wake

regimes, each with distinct flow characteristics [7].
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Figure 1: Vertical variation of mean velocity profiles (a, b) and momentum flux (c, d) for a 4X4 building cluster
of height (Hs) = 500 mm (a, ¢) and 125 mm (b, d)



In this talk, we will discuss the effect of cluster height (Hg) on the development and recovery
of the wake behind a cluster of buildings regularly arranged in a 4X4 array in the direction of
the wind. Results show that with an increase in Hg, the boundary layer flow recovers more
slowly to its undisturbed state, resulting in a zone of uniform-momentum flow, where the
vertical gradient of the velocity is negligible (Figure 1a, b). Due to this, the vertical momentum
exchange is suppressed in a certain region for tall building clusters (Figure 1¢) when compared
to clusters comprising shorter buildings (Figure 1d). This is expected to have a greater impact
on the dispersion of pollutants around tall buildings. Several other cluster characteristics will
be discussed during the talk.
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Experimental and Numerical Investigations of Flow-Induced Noise from a
D-Shaped Bluff Body in Ground Proximity
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Abstract

Flow-induced noise of bluff bodies has been a popular topic among research of bluff-body flows. When a bluff
body is placed in proximity to a solid wall, its flow features can become complicated with a three-dimensional (3-D)
and less coherent wake. Correspondingly, the flow-induced noise is expected to change. In this work, flow and the
induced noise of a D-shaped bluff body in ground proximity is investigated experimentally and numerically. This
body, which was employed in amount of previous works, is an elongated bluff cylinder with its profile resembling a
straight-back Ahmed body’s cross-section. The gap-to-height ratio is fixed at G/H = 0.2 in this study and height-
based Reynolds number of the flow is prescribed as Rexy = 23,000. Experimental measurements were conducted in
a closed-circuit wind tunnel with implementations of particle image visualisation, hot-wire velocimetry and surface
oil visualisation. Moreover, direct aeroacoustic simulations were performed by solving compressible Navier-Stokes
equations, as well as validated against the experimental results. Results show the flow is characterized by a leading-
edge separation and reattachment over the body’s upper side, massive separations from trailing edges, and a 3-D
wake with intermittent vortex shedding. The acoustic far-field presents direcitvity of sound pressure in vertical and
upstream directions. Significant tonal noise is captured at higher frequencies over the vortex-shedding frequency.
Further discussions are made about the noise generation and propagation processes.

1 Introduction

Flow-induced noise of bluff bodies has been a popular topic among research of bluff-body flow, as it underpins
fundamental fluid mechanics as well as practical engineering applications. Similarly, the effect of ground proximity
on bluff body flow has received intensive attentions. Although there have been numerous studies on the flow-induced
noise and the ground effect, to authors’ knowledge, the inter-discipline of these two fields has not been thoroughly
investigated. Therefore, this work focus on the flow-induced noise from a bluff body in ground proximity.

This work employs a D-shaped elongated bluff cylinder, which has been popularly used in previous aerodynamic
research at sub-critical Reynolds numbers. Flow around the body in free space is characterized by early separations
over its leading edges and approximately two-dimensional vortex shedding in its massive wake [Pastoor et al., 2008,
Krajnovi¢ and Fernandes, 2011, Parkin et al., 2014]. Significant pressure waves are generated by the vortex shedding
and propagates as an acoustic dipole in the lift direction [Huang et al., 2022]. When the body is placed proximity to
a moving ground with a gap-to-height ratio of 0.2, the vortex shedding is greatly attenuated and the wake shows little
coherence [Parkin et al., 2015].

In this work, flow and the induced noise of the D-shaped body in proximity to a stationery ground are investigated.
Experimental investigation is conducted by wind tunnel measurements, followed by high-fidelity modelling using direct
aeroacoustic simulations.

2 Experimental and Numerical Methods

2.1 Wind tunnel testbed

The experiments are conducted in a closed-circuit wind tunnel at Shanghai Automotive Wind Tunnel Center. The
wind tunnel consists of a closed test section, whose dimensions are 556 x 333 x 2000 mm in width, height, and length,
respectively. The maximum flow speed of the wind tunnel is 44 m/s and turbulence intensity is lower than 0.22% at
a flow speed of 11 m/s. Further information about the wind tunnel specifications is available in [Huang et al., 2022].

The D-shaped body is mounted vertically in the test section, as shown in Figure 1, spanning all the test section
height. The dimensions of the D-shaped body are L = 109.2 mm, H = 30 mm, W = 333 mm in chord length,
body height, and spanwise width, respectively. The corresponding span-to-height ratio is W/H = 11.1 to ensure the
flow over body’s middle section being little influenced by ending effects. An additional plane is placed parallel to

*Email: guangyuan.huang@cranfield.ac.uk
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Figure 1: Demonstrations of the wind tunnel layout and the experimental setup.

Figure 2: Schematics of the computational domain and numerical setup (dimensions not to scale).

the body to approximate a stationery ground. The plane has a length of 700 mm and spans all the wind tunnel
height as well. The gap between the plane and the body’s lower side is G = 6 mm, leading to a gap-to-height ratio
of G/H = 0.2. The plane’s leading edge is streamlined and Ly = 120.8 mm distant from the body’s rear surface in
streamwise direction to ensure a thin boundary layer over the ground. The real blockage ratio of the body is resulted
as 5.86% and, thus, freestream velocity is adjusted based on a blockage correction method purposed by Cowdrey
[Cowdrey, 1968]. Reynolds number is defined in terms of the body height H and the adjusted freestream velocity Us,
as Rey = U, H /v, where v denotes the kinematic viscosity. All experiments are performed at Rey = 2.3 x 10 within
a room temperature of 20 + 0.2 °C.

A DANTEC one-dimensional hotwire velocimetry system is utilized to record the time history of instantaneous
velocity amplitude in the boundary layer and the wake. A two-dimensional particle image velocimeter (PIV) system is
employed to capture snapshots of the instantaneous velocity field. The laser generator and the camera are synchronized
by a TSI laser-pulse synchronizer to enable so-called “double-frame/single-exposure” recording. The interrogation
window size is set as 32 x 32 pixels, corresponding to a physical size at 1.85 x 1.85 mm?. In addition, surface oil flow
visualization is conducted to capture time-averaged surface flow features.

2.2 Direct aeroacoustic simulation

Direct aeroacosutic simulations (DAS) are conducted using a general-purpose Computational Fluid Dynamics solver
ANSYS Fluent 2020R2. Monotonically Integrated Large Eddy Simulation (MILES) is employed to model the flow
turbulence and the acoustics is obtained simultaneously within the compressible flow solutions. Further information
about DAS implementation in ANSYS Fluent was described in [Huang et al., 2021].

Hereafter, all quantities are dimensionless, which are normalized by reference length H, velocity U, density poo,
and pressure pooUoo2. Figure 2 demonstrates the computational domain. The D-shaped body is placed in a half
cylindrical physical domain, whose radium is S = 50. An additional buffer zone lays out of the physical domain with
a thickness larger than Sgr = 150. The body presents the same profile geometry as that in the experiment whilst
a smaller spanwise width of W = 1.75 is used. Non-slip wall boundary condition is applied to part of the domain’s
lower boundary to approximate the stationery ground in the experiment, as well as to all body surfaces. Symmetric
boundary condition is applied to the rest lower boundary and spanwise boundaries. Pressure far-field boundary
condition is applied to upstream, downstream, and top boundaries to generate the freestream flow. Reynolds and
Mach numbers are prescribed as Rey = 2.3 x 10* and Ma = 0.2, respectively.

The computation domain is discretized by non-structural meshes. The mesh in the boundary layers and wake



Table 1: Characteristic frequency St obtained by the experiment and DAS using variant time step sizes.
CFL 100 25 10 Exp.
St 0.2239 0.1965 0.1897 0.182 —0.192

Table 2: Characteristic frequency St obtained by the experiment and DAS using variant time step sizes.
Method  dgg 0 Shape factor
Exp. 0.58 0.066 1.776
Num. 0.61 0.059 1.410

region are refined, with a surface mesh size of y* = 1, 27 = 20 and 2T = 25.6. The largest mesh size in the physical
domain is 0.4, capable of capturing acoustic waves at frequencies up to f = 1.25. Meshes in the buffer zone are
prescribed with large growth rates, leading to the largest size up to 40, to diminish acoustic fluctuations. In addition,
the time step is prescribed as CFL = 25 based on an independence study.

3 Results and Discussion

Due to the length of this abstract, only a part of the results is presented here to compare the experimental measurements
and numerical predictions. Further results will be presented in the workshop.

3.1 Validation of numerical results

Table 2 presents boundary layer properties measured at the body’s upper trailing edge. It shows the DAS modelling
well captures the upper boundary layer in terms of the 99%-velocity-based thickness dgg, the momentum thickness
0 and the character of turbulent boundary layer. Figure 3, then, presents the time-averaged velocity profiles of the
near wake, illustrating the DAS modelling is capable of modelling the wake dynamics. Moreover, figure 4 presents
a profile of pressure fluctuation distributed along x = —1.82 in plane z = 0 and compares it against the decay law
of acoustic pressure, p’(y) oc y~%°. The fluctuation amplitudes decays in according with the decay law at y > 9,
while the difference at y < 9 possibly results from the hydrodynamic unsteadiness in the near field. Thus, the DAS
resolution for solving acoustic properties is verified to be sufficient.

4 Conclusions

The flow and the induced noise of the D-shaped body in proximity to a stationery ground are investigated experimen-
tally and numerically. Results show the flow is characterized by a leading-edge separation and reattachment over the
body’s upper side, massive separations from trailing edges, and a 3-D wake with intermittent vortex shedding. The
acoustic far-field presents direcitvity of sound pressure in vertical and upstream directions. Significant tonal noise is
captured at higher frequencies over the vortex-shedding frequency.

Due to the length of this abstract, only a part of the results is presented here. Further results will be presented in
the workshop.
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Figure 3: Time-averaged velocity profiles of the near wake at (z, z) = (2,0): experimental (dashed lines) and numerical
(straight lines) results.



Figure 4: DAS results of pressure fluctuation distributed along (z,z) = (—1.82,0) (marked by o) and the decay law
of acoustic pressure p’(y) o< y~%° (dashed line).
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1 INTRODUCTION

Bluff body wake flows contain a broad range of scales which oscillate periodically with rarer events which occur
stochastically. Long-time dynamics are typically associated with large turbulent structures which alter the balance of the wake
region and induce non-optimal drag conditions. Similar symmetry breaking behaviours have been explored in the bi-stable wakes
of rectilinear bluff bodies where is it has also been shown that across the switch between two asymmetric, reflectional symmetry
breaking states an optimal symmetry preserving condition is attained [1]. With an axisymmetric wake, the instability manifests
as a random reorientation of a planar shedding axis [2] with the symmetric condition offering potential base pressure drag
reductions of between to 4-7% [3] which is beneficial for ground or airborne vehicles.
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Figure 1 - Experimental and computational setup. (a) Tomographic PIV setup of Pavia et al. [3] of the axisymmetric model in
(b). (¢) Streamwise and (d) base-normal mesh. (¢) Lambda-2 vorticity criterion for body and wake at A, = —20,000.

In the current work, the elliptic nosed axisymmetric bluff body of Pavia et al. [3] which was studied with tomographic PIV
(Fig.1(a/b)) at a Reynolds number based on diameter, Re,, = 3.2 x 10° was studied using Wall Modelled LES. The wall shear
stress is approximated using a wall function and the sub-grid scales are resolved with the WALE model. Star-CCM+ Trimmed
Cell mesher was utilised to create a predominantly hexahedral grid with six prismatic layers providing a near cubic near wall
mesh on the model surface and a first cell located in the logarithmic region, y* = 60. The total simulated time was 4650 t* and
data was sampled at 1kHz from a point cloud within the wake region up to 2D downstream of the base. Following comparisons
with experimental results, the coherent structures are analysed with both azimuthal Fourier decompositions and a conditional
space-time POD formulation to localise instances of flow reversal.

Figure 2 — (a) Time averaged results. Instantaneous (upper) and Time Averaged (lower) streamwise velocity with zero
streamline showing & = 0. (b) Time averaged base pressure and iso-contour of €, = —0.27 in the wake.
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2  RESULTS AND DISCUSSION

The time averaged recirculation length (black outline in Fig.2(a), (L = 1.15) and base pressure drag (Cy, = 0.119) were
both marginally underestimated compared with experiment. The differences are attributed to a wing support and application of
a turbulence strip at X* = 0 within the experiment both of which were omitted for simplicity in numerical simulations. Fig.2(b)
and (c) show an iso-surface of C,, = —0.27 which has a near axisymmetric toroidal structure with a slight bias to the upper and
lower regions of the base which is reflected in the peak suction regions showing a dipole-like distribution.

Spectral content of the polar transformed centre of pressure is shown in Fig.3(a) and (b). In agreement with studies of
similar axisymmetric bluff bodies [2] showed the predominance of three frequencies, namely the vortex shedding at Sty = 0.2,
an axial pulsation at Stzp = 0.08, and an intermediate value believed to be a subharmonic of the vortex shedding with an
azimuthal wavenumber of m = 2 at St = 0.095. Fig 3(c) and (d) show two-dimensional probability density functions which
reveal an annular arrangement of the data consistent with that found in experiment. The white dotted line shows the average
radial position which is marginally higher with WMLES than the experimental value at r* = 0.037 which is likely due to the
wake being pressed against the base causing larger excursions from the origin.
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Figure 3 — Fluctuating results. Pre-multiplied spectra of the radial, r¢,p, and azimuthal, 8,p, components of the base centre of
pressure (C.o0.P.). Probability density functions of the corresponding data with white dotted line showing average radial
position. (e) First five POD modes for the first 5 azimuthal Fourier modes of the streamwise u data. (f) Event selection sample
for CST-POD with a 0.5 second window around events which exceed twice the standard deviation.

Since statistical properties of the velocity vector are axisymmetric in the azimuthal direction, a Fourier decomposition is
performed for each radial row [2] of the streamwise velocity, u, up to [m| = 43. Subsequently, coherent structures were extracted
by application of POD to assess the distribution of energy amongst the azimuthal modes. Over 15% of the fluctuating streamwise
energy is contained in the first [m| = 1 wavenumber which is consistent with that found in the literature due to the low
frequency motions also typically being anti-symmetric. The second most prominent wavenumber was |m| = 2 followed by the
axisymmetric m = 0 mode.

Taking the first two spatial modes of the [m| = 1 wavenumber, an instantaneous angle 1, is constructed from the temporal
coefficients which resembles that of the 8.,p. Unwrapping this result and performing a finite difference differentiation, the rate
of change of the azimuthal component is obtained. Stochastic activity is then isolated by selection of instances which exceed
twice the standard deviation in a manner similar to Stahl et al [4]. Fig.3(f) shows an example with a window size of 0.5 seconds
though this will need to be refined with additional considerations for time delayed instances which can be used to smooth
extracted modes. This forms the basis for the conditional space-time POD (CST-POD) which will be explored further.
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An experimental investigation of a high Reynolds number turbulent wake generated
by a vehicle-like bluff body

Samaresh Midya and Sean Symon
University of Southampton

Details about an experimental investigation of a turbulent wake (with a spanwise dimension-
based Reynolds number of 3.43 x 10°) generated by a vehicle-like bluff body are discussed. The
mean velocities of the wake are fully characterised using stereo particle image velocimetry (PIV).
Preliminary results are shown.

I. INTRODUCTION

Flow past bluff bodies is common in nature and has significant scientific and practical applications. The majority
of goods transporters have bluff bodies, and the volume they must transport limits the shapes of these bodies. The
boundary layer developed on bluff bodies separate easily and shed vortices. The adverse pressure gradient forces the
boundary layer to separate from the body. Separation can occur either from a sharp edge or from a continuous surface.
These flows produce a great deal of pressure drag in addition to skin friction drag, which raises the overall drag.
As a result, the bluff bodies—including somewhat streamlined vehicle bodies—lose a lot of energy, which increases
the quantity of fuel needed for motion and negatively affect the environment. Oftentimes these flows develop large
scale structures thus unsteady forces which affect the stability of the body itself. Flow past bluff bodies has been
the subject of several basic research. However, there aren’t many experimental studies that completely charaterize
each velocity component of a bluff body’s turbulent wake at high Reynolds numbers. A complete charaterization of
the evolution of the wake of a bluff body will shed some lights on the time and length scales of the flow structures
involved. A study was conducted utilising stereo-particle image velocimetry (PIV) to fully characterise the wake of
a vehicle like bluff body (as shown in figure [1}) at Reynolds number 3.43 x 10° (defined as 2U., /v, where z is the
spanwise width of the model, U, is the free stream velocity, and v is kinematic viscosity). Every velocity component
was measured at cross-stream planes (i.e., y — z planes) at different streamwise locations starting from the trailing
edge of the model. Beginning at the trailing edge of the model, each velocity component was measured at cross-stream
planes (i.e., or y — z planes), at various streamwise locations. The experimental setup and measurement methods
used are discussed in the following section.

Camera 2

Camera 1

Flow

Side View

FIG. 1. Schematic of the setup. The primary directions are also shown.



II. EXPERIMENTAL FACILITIES

The experiment was conducted in the R.J. Mitchell wind tunnel facility at the University of Southampton. The
tunnel is a closed-return facility of 3.6 m x 2.4 m x 10 m working section with a speed range of 4 — 40 m/s and
a working section free-stream turbulence level of less than 0.2%. An air chiller is also included in the wind tunnel
to regulate the airflow temperature. To create the wake, a free-stream velocity of 10 m/s is employed. Aluminium
makes up the model’s skeleton, while plywood was used to construct its surface. To minimise the laser reflection, the
entire model and its supports were painted black. The model was mounted on the tunnel floor using four cylindrical
columns. In order to allow the body’s wake to freely evolve, the diameter of these supports was kept as tiny as
feasible. The columns were connected to a cross rail whice was connected to the tunnel floor. The diameter was
kept as small as possible to let the wake of the body evolve freely. A cross rail that was attached to the tunnel floor
was connected to these columns. The model and the cross-rail might travel in the tunnel’s streamwise direction.
The wake’s cross-plane was illuminated by a dual pulse laser (Litron-Bernoulli) while smoke particles were used to
seed the flow. The laser plane’s position was maintained constant, and the model was shifted streamwise using the
aforementioned rail as needed. In this manner, velocity measurements were obtained from cross-planes at various
streamwise sites. Some of the preliminary results are shown in the following section.

III. PRELIMINARY RESULTS

The wake was split into four sections because to its large cross section, and PIV was performed on each of those
sections independently. To obtain the whole wake, all of the individual pieces are put together during post process-
ing. PIVtools, an internal programme built with Python and Matlab, was used to process the data. The data was
processed using in-house PIVtools, a python and matlab based code. A cross-plane sample mean streamwise velocity
plot obtained at a streamwise distance of 210 mm from the trailing edge is displayed in figure
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FIG. 2. Mean streamwise velocity at x = 210 mm.
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1  INTRODUCTION

Cycling aerodynamics investigation focuses on aerodynamic drag reduction of the rider and bike to improve athlete’s
performance. Many of the studies on the topic make use of cyclist mannequins, in contrast to a real person, in a wind tunnel to
ensure well-controlled and repeatable measurements (e.g. Crouch et al. 2014, Brown et al 2020, Terra et al 2020). The more
recent mannequins are typically obtained by scanning individual athletes, resulting in highly realistic models (e.g. Chi et al.
2018, Terra et al 2020). The consequence of using personal anthropomorphic data, however, is that it cannot be openly shared,
which makes it often difficult to compare results. To overcome this issue, in this work we introduce the Generic Cyclist Model
(GCM), which reproduces the main anthropomorphic characteristics of top athletes. Because the cyclist’s posture largely
determines the large-scale wake flow structures and the aerodynamic drag (Crouch et al. 2014), two typical cycling postures,
namely time-trial and sprint, are considered here and analyzed with a detailed characterization of the near wakes.

2 CONSTRUCTION OF THE CYCLIST MODELS

The method to construct the GCM is based on the DINED mannequin (Huysmans et al. 2020). First, fourteen endurance riders
are selected to participate in this work. Each athlete was scanned in the time-trial (TT) and sprint position on their bike using
ARTEC Eva handheld 3D scanners. The obtained scans were processed (e.g. removing parts of bike and floor) into watertight
models, and a set of systematic landmarks were defined on each of them in anatomically meaningful locations. A base mesh,
holding the same set of landmarks, then corresponded to each of the individual scans (Vloemans 2022) to finally average these
corresponded meshes, resulting in the GCM in TT (Figure 1 top-right) and sprint position (Figure 1 bottom-right). The two
digital GCMs were used to produce two physical full-scale models for wind tunnel testing. The wind tunnel models were
manufactured by additive manufacturing and a primer was applied. A smooth surface was obtained through polishing with
sandpaper (grain 400).
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Figure 1: Schematic wind tunnel setup (left), the platform with TT model (middle) and side views of the two GCMs (right).

3 EXPERIMENTAL SETUP

The experiments were conducted in the Open Jet Facility (OJF) of the Aerodynamics Laboratories of the TU Delft. This is a
closed-loop, open jet wind tunnel with an octagonal cross-section of 2.85 x 2.85 m, a linear contraction from the settling chamber
to the nozzle exit of 1.7:1 and a turbulence intensity in the free-stream <0.5%. The TT model was installed on a TT bike (Scott
Plasma 5 with rims brakes) wearing a Kask Minstral helmet (Figure 1-top right). The sprint GCM was installed on a road bike
(Scott Addict RC with disc brakes) wearing a Kask Bambino helmet (Figure 1-bottom right). The bikes were fixed on both the
front and rear axles using a supporting system connected to a force balance. The experimental setup and procedures are similar
to that of Jux et al. (2018), who measured the flow all around a full-scale cyclist model using Robotic Volumetric PIV. The air
was seeded using an in-house developed array of Helium-filled soap bubble generators installed in the OJF’s settling chamber
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(Figure 1-left and middle). The 400 generators are integrated into 15, two-meter long, vertical airfoil shaped staggered wings so
that the seeded stream tube spans the entire cyclist model.

The Robotic PIV system was used to scan the flow close to and in the near wake of the model, acquiring images for 12 seconds
at about 800 kHz at each probe position. The velocity information was obtained via the Shake-the-Box (Schanz et al., 2016)
Lagrangian Particle Tracking algorithm, and then converted to a Cartesian grid. All measurements were conducted at a typical
cycling speed of 14 m/s.

4  RESULTS

Figure 2 illustrates the near wake of the generic cyclist model in time-trial position, with an iso-surface of u/U, = 0 and
streamlines color-coded by streamwise velocity component. From the iso-surface of u/U, = 0, it is clear that separated flow
regions take place downstream of the upper arms and elbows, the stretched leg and the lower back. Conversely, no flow
separation occurs downstream of the bent leg, except for the knee region. Accelerated flow regions are encountered around the
shoulders, on the sides of the legs as well as in between the legs. The flow follows the curvature of the cyclist’s back, producing
a distinct downwash at the center of the wake, consistently with results reported in the literature (Crouch et al. 2014, Jux et al.
2018), as well as two counter-rotating vortices. The presentation at the workshop will focus on the near wake of the generic
cyclist model, discussing the characteristic vortex structures and the similarities and differences between the time-trial and sprint
athlete’s postures.

u/lU, -04-0200 02 04 06 08 1.0

downwash

right inner
thigh vortex

Figure 2: The near wake of the generic cyclist model in time-trial position. Iso-surface of u/U, = 0 and streamlines color-coded
by streamwise velocity component.
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Mean flow, turbulence, heat transfer and pollutant dispersion within an urban canopy and in
the overlying boundary layer can be disrupted by the combined wakes from a group of tall
buildings (e.g. Heist et al., 2009; Brixey et al, 2009, Fuka et al., 2018; Aristodemou et al., 2018;
Hertwig et al., 2019). This might well be to such an extent that makes the algorithms used in
popular building wake flow and urban dispersion models inapplicable. A series of studies based
largely in London, though now moving to Bristol, has sought to shed light onto these matters
through the combined application of field and laboratory experimentation, and analytical and
numerical modelling. Here, we concentrate on the experimental aspects based on real urban
conditions. A parallel area of the work concentrates on idealised conditions, as discussed in the
presentation by Mishra et al., 2023.

Our aim is to review progress through examples drawn from this work, in particular from the
point of view of its practical relevance, either though developments to modelling methods used
in practice, such as ADMS-URBAN and SIRANE, or the development of new models and
empirical rules. The initial focus was on the small scale, individual buildings and street
canyons, concentrating on the complex flows where street canyons intersect and the consequent
effects on pollutant transport, as well as the transfer between the street canyon and the free
flow above. This was largely the regime of the DAPPLE (2002-2010) and DIPLOS (2015-
2018) projects. Here, ultra-sonic anemometry was used in the field and LDA in the laboratory
to probe the flow structure. Although the focus was the processes that carried pollutant through
the streets in what was broadly speaking the downwind direction, examples of significant
upwind dispersion were also noted. We argued that, in these cases, the tracer that we released
was captured in the recirculating flow regions behind large vehicles and then slowly detrained
over a fetch that could be well in excess of 100m.

The MAGIC project (2016-2020) concentrated on the indoor-outdoor exchange of heat and
pollutants, but as the field site was in the shadow of a number of tall buildings (Fig. 1), it was
natural to spend some effort in addressing their impact at the experimental site. LIDAR
instrumentation was now available in the field as we carried out a long duration mapping of
the wakes of the tall buildings. Different approaches were used in the laboratory and field to
extract the wakes from the background flow, the latter being anything but homogeneous - the
assumptions used are critical for such as estimating wake decay extent.

This led to two current projects, FUTURE and ASSURE. The aims of the former include
understanding the magnitude and spatial scale of the effects of a cluster of tall buildings, and
their consequent impact on wind, scalar, and temperature fields, and assessing what can be said
generically (i.e. modelled) and what remains site-specific. The City of London cluster was to
be the field site but for a number of reasons Berlin assumed that role, though numerical and
wind tunnel modelling could still address the original aims. Finally, ASSURE addresses even
larger scale issues, using the city of Bristol as its exemplar. Separated flows remain of interest
but in a topographical framework.



The presentation will review aspects of these projects, bringing emphasis on some of the key
results and issues affecting the experimental work, and closing with discussion of some of the
important question that remain.

Figure 1. Looking south from the MAGIC field site, towards the Elephant and Castle.
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Stability and dynamics of the laminar wakes of 3D prisms

E. Boujo*

In this work, we consider the laminar wakes of 3D bluff bodies with two planar symmetries, and explore the
series of bifurcations they undergo as the Reynolds number increases. We combine linear stability analysis (LS),
weakly nonlinear stability analysis (WNL) and nonlinear direct numerical simulations (DNS). Of particular
interest are the temporal and spatial symmetries selected or broken by the bifurcations.

In a first part, we study rectangular prisms and vary systematically the body length and width (normalized
by the body height) in the range 1/6 < L <5 and 1.2 < W < 5, respectively, thus extending previous studies
(for example Marquet and Larsson 201{).

LS shows that the first bifurcation depends on the geometry (Fig. ): Hopf for large W /L and pitchfork
for small W/L. In general, the leading oscillatory mode breaks the top/bottom planar symmetry, resulting in
periodic vortex shedding in the vertical direction. Conversely, the leading stationary mode breaks either the
top/bottom or left/right symmetry, resulting in a static wake deflection in the vertical or horizontal direction, for
intermediate or small W /L, respectively.

The sequence of bifurcations at larger Re is explored in detail for L = 5 (Fig.|lp). WNL and DNS show that
for W < 2.25 the flow recovers the vertical symmetry but loses the horizontal one (Fig. 2) via a supercritical
(W = 1.2) or subcritical (W = 2.25) pitchfork bifurcation. This regime is reminiscent of the steady horizontal
deflection observed for turbulent wakes behind wider-than-tall Ahmed bodies. Further increasing Re, the flow
becomes unsteady via a Hopf bifurcation, and oscillates around either the deflected wake (small W) or the non-
deflected wake (intermediate W). A new regime is observed for intermediate W and Re which, surprisingly,
preserves both vertical and horizontal symmetries at all times despite the shedding of hairpin vortices from the
top/bottom leading-edge shear layers. At large Re and for all W, the flow approaches a chaotic state charac-
terized by the superposition of (i) shedding of hairpin vortices from the leading edges, and (ii) horizontal and
vertical flapping of the wake.

@ &>
4 ®
\ -
=3
z |
I
i
1 5 i
0 1 2 3 4 5 200 300 400 500 600 700
L Re

Figure 1: (a) Linear stability diagram: first bifurcation as a function of body length L and body width W.
(b) Nonlinear regimes for L = 5, as a function of Reynolds number Re and body width W.
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Figure 2: Weakly nonlinear bifurcation diagram from the coupled equations describing the amplitude of the
vertical and horizontal symmetry-breaking modes, 9,A = A4A — yaA> — N4 B?A and 9,B = AgB — x3B> — NpA°B
(Ahmed body, W = 1.2, L = 3).

In a second part, we investigate how pitch and yaw modify the first bifurcations of an Ahmed body wake
(W =1.2,L =3). As typically observed for imperfect pitchfork bifurcations, at low Re a small misalignment
selects one of the steady states: vertical deflection under pitch and horizontal deflection under yaw. A small yaw
angle 3 reduces the critical Re of the Hopf bifurcation that leads to horizontal vortex shedding. Interestingly, a
small pitch angle & not only decrease the critical Re of the Hopf bifurcation that leads to vertical vortex shed-
ding, but also increases the critical Re at which the vertically deflected state loses stability (Fig. k), resulting
in a cross-over of the two bifurcations for a = 1° (Fig.|3p). The flow dynamics in the vicinity of this cross-over
are strongly reminiscent of the experimental observations of Grandemange et al. (2012E for the laminar flow
past an Ahmed body in ground proximity: at a constant Re, the wake first oscillates vertically before slowly
transitioning to a steady horizontal deflection.
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Figure 3: Effect of a small pitch angle @ (Ahmed body, W = 1.2, L = 3). (a) Nonlinear base states and their
linear stability. () Stability diagram from LS and DNS. Inset: slow dynamics from vertical vortex shedding
towards steady horizontal deflection for @@ = 1°.

This work has been carried out in collaboration with G. Zampogna (EPFL, Switzerland) and A. Chiarini
(OIST, Japan).
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The effect of frontal geometry on 3D bluff body wakes.

K. Janczuk] D. Ahmed®, A.S. Morgans*

In this study we investigate numerically the dynamics of the wake past a simplified road vehicle using two
canonical models; the squareback Ahmed body and the squareback Winsdor body (see Figure [T). The flow
field for both cases, is simulated using Wall-Resolved Large Eddy Simulations (WRLES) at Rey = 3.3 x 10*.
Given that the primary distinction between the two bodies lies in their frontal geometry, comparing the two
cases indicates the effect of fore-body modification on the wake dynamics.

The aerodynamic drag of squareback bodies, which is typical for the majority of ground vehicles, is mostly
determined by the shape and dynamics of the wake. The wake forms as the airflow separates from the vehicle
at its rear edges. Detached shear layers interact, giving rise to a low-energy recirculation region behind the
body. This low-energy, low-pressure area is a primary contributor to the overall aerodynamic drag. Notably,
both the shape and dynamics of the wake can be modified, offering the potential to reduce drag. Efficient
control methods for drag reduction necessitate a comprehensive understanding of the fundamental mechanisms
governing the wake dynamics. Therefore, studies focusing on the various wake topologies are essential for
advancing control mechanisms aimed at drag reduction. Notably, many previous studies utilised the Ahmed
body, which differs significantly from industrially relevant geometries. Investigating how findings based on
the Ahmed body transfer to more intricate geometries is essential. The Windsor body serves as a valuable
transitional step in this exploration. While experimental studies indicate qualitatively similar behavior in the
wake of the Windsor body|!, a comprehensive numerical investigation of it is lacking. This study aims to bridge
this gap by comparing the qualitative and quantitative aspects of the two wakes, thereby investigating the effect
of frontal geometry on the wake. In addition to conventional methods such as comparing time-averaged flow
fields, we enhance our analysis by employing 3D Spectral Proper Orthogonal Decomposition (SPOD).

The wake of a bluff body involves periodic dynamics, including vortex shedding motion, arising from
Kelvin-Helmholtz instabilities in free shear layers, and a pumping motion of a ring-shaped vortex structure
enclosed within the recirculation region. Additionally, the reflectional symmetry breaking that occurrs in the
laminar regime and results in the wake center shifting toward one of the rear edges, persists into the turbulent
regiorE. Turbulent perturbations induce the wake to switch randomly between asymmetric positionf, leadin
to statistical symmetry in the wake. Notably, bi-stability contributes to 4 to 9 percent of the total pressure draﬁ
The exact mechanics governing bi-modal switching, their dependency on the geometrical features, and possi-
ble control methods are currently being investigated by various research groups. Interestingly, there is a lack of
consensus in the scientific community when it comes to describing the nature of bi-modal wake structures; some
groups claim a single or double horseshoe Vortexﬁi while others show a toroidal structureligg. In addition, a
recent observation noted a link between the dynamics of the upstream boundary layers along the body surfaces
and wake bi-modalityﬁ. This motivated study suggesting that hairpin vortices generated after the front sepa-
ration bubble of the Ahmed body are responsible for bi-modal switchin{. This link provides an opportunity
for new flow control strategies based on front separation bubble control. Therefore, it is of high importance to
further investigate this relationship and its dependency on the geometrical features, including the very front of
the geometry where the bubble is located.

SPOD results in modes oscilating at specific frequencies ranked based on the contained energy. Importantly,

*Imperial College London, SW7 2BX, London, England
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(a) Ahmed Body (b) Windsor Body

Figure 1: Visual representation of geometries and the toroidal-vortex structures in the near-wake regions, defined
as iso-surface of Cp = —0.22 coloured by the time-averaged streamwise velocity.

o d

Figure 2: 3D SPOD results of the Ahmed body: iso-volumes of mode-1 at StW = 0.006, associated with wake
horizontal bi-modality. The top row shows a three-dimensional view of the wake on both sides of the body. The
bottom row shows a top-view of the domain (left) and a side view of the body (right).

the modes are orthogonal and optimal which provides an advantage over classical Dynamic Mode Decomposi-
tion or Proper Orthogonal Decomposition (POD). The fundamental concept behind SPOD involves partitioning
the data realisations into distinct blocks, with the potential for overlaps between these blocks. Subsequently, the
data undergoes Fourier transformation into the frequency domain and is then rearranged based on frequency.
At each frequency, POD is applied, generating optimal orthogonal modes that oscillate at the corresponding
frequency. SPOD modes capture structures that exhibit coherent evolution in both space and time, distinguish-
ing them from spatial-only POD modes, which typically lack such coherence. While prior numerical studies
applied 2D SPOD to ground Vehicleﬂ the introduction of 3D SPOD in this study represents a novelty. The
extraction of 3D coherent structures offers a deeper understanding of flow behavior and contributes significantly
to advancing our insights into the intricacies of the phenomenon.

A 3D SPOD analysis of the wake of the Ahmed body shows that the three-dimensional views of the wake
structures linked to various SPOD modes serve as an effective tool for investigating the dynamics of the wake.
The investigation not only shows the presence of three distinct dynamical modes in the wake: stochastic bi-
modal switching, periodic bubble pumping, and vortex shedding in both cross-flow directions, but also facilitates
linking the dynamics related to boundary layer separation at the front of the body with bi-modal switching,
as depicted in Figure [2] Preliminary results from the Windsor body simulation exhibit qualitatively similar
findings, depicted in Figure [I| However, a quantitative comparison awaits the accumulation of sufficient data
necessary for conducting 3D SPOD analysis.

10Schmidt, Woszidlo, Nayeri, and Paschereit, Experiments in Fluids 59 (2018).



Random switching dynamics and low frequency oscillations around airfoil stall

Ivan Kharsansky Atallah; Luc Pastur* , Romain Monchaux* and Laurent Zimmer l

We study experimentally the stall over a thin symmetric airfoil (NACA0012) by means of a synchronized
PIV-force and pressure measurements. We have found a critical Reynolds number from which the flow transi-
tions from a classical low-frequency oscillations regime Eﬂto random bistable dynamics. In this regime, the
flow switches randomly between a high lift state and a low lift state with residence times orders of magnitude
larger than any timescale of the flow. We conditioned the PIV fields of both regimes using the lift coefficient
signal. For the bistable case, the signal was binarized taking everything above the mean as part of the high lift
state and everything below the low lift state. The lift-conditioned PIV fields (Fig.1 &2 ) confirm that the high
lift state corresponds to a mostly attached flow and the low lift state to a massive separation of the boundary
layer. A similar approach was followed for the low frequency regime. The phase averaged flow fields associated
with the low frequency oscillations exhibit a cyclic phenomenon located in the upstream bubble of recirculation
(see Fig.3). Using the time series of force and pressure measurements, we conducted a statistical analysis on the
random dynamics, revealing a memoryless process with extreme events. Making use of extreme value theory,
we propose a method to determine the bifurcation points of the system in an unambiguous manner, without the
need to define arbitrary thresholdsﬁ
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Figure 1: Mean Streamwise ve- Figure 2: Mean Streamwise veloc- Figure 3: Mean Streamwise veloc-
locity attached state in the bistable ity detached state in the bistable ity attached phase in the low fre-
regime. regime. quency regime
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Stochastic modelling of the wake reversal dynamics of a bluff body under different
Reynolds numbers

Yajun Fan? Olivier Cadot™ and Edouard Boujo*

The turbulent wake behind a three-dimensional bluff body (Fig. 1a) manifests stochastic reversals between
two asymmetric states, referred to as P and N states. Fig. 1(b) presents their velocity field in a streamwise
cross-section (x/H = 0.5). A simple way to monitor the wake state is to compute the base pressure vertical
gradient g, through four pressure taps (blue dots in Fig. 1a). As shown in Fig. 1(c), the wake reversal dynamics
is captured by the random switching of g, between the positive value of the P state and the negative value of
the N state. The dimensionless switching rate N (number of switching events per dimensionless time) is found
to decrease when the Reynolds number Rey increases' within the range of 10* to 10°. Stochastic modelling
is investigated to recover the effect of Rey on the natural switching dynamics. Here, a first-order stochastic
differential equation (Langevin equation) is used to model the wake dynamics,

e g g g+ VITE(), (1)
with £(¢) an additive white noise, and the parameters are identified®> from experimental time series of g (¢).
Simulated signals g(¢) obtained by solving Eq. (1) have statistical and dynamical features similar to the ex-
perimental ones (Fig. 1¢). As shown in Fig 1(d), the trend of the experimental switching rate (black) is well
captured by the identified stochastic model, both with Monte-Carlo simulations (red) and with the theoretical
Eyring-Kramers prediction in the low-noise limit (blue). Further investigation will focus on the mechanism by
analysing the model parameters.
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Figure 1: (a) experimental setup; (b) velocity field of two wake states; (¢) time series of the base vertical pressure
gradient g, (top: experimental; bottom: simulated with the identified model); (d) variation of the switching rate
N; with Rey (experiments, Monte-Carlo simulations, and low-noise Eyring-Kramers prediction).
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Influence of porous material on the flow behind
backward-facing step - experimental study

L. Klotz!, K. Bukowski!, and K. Gumowski'

! Warsaw University of Technology, Faculty of Power and Aeronautical Engineering, ul.
Nowowiejska 24, 00-665 Warszawa, Poland

E-mail: lukasz.klotz@pw.edu.pl

Abstract.

We investigate effect of porous insert located upstream of the separation edge of backward-
facing step (BFS) in early transitional regime as a function of Reynolds number. This is
an example of hydrodynamic system that is a combination of separated shear flow with
large amplification potential and porous materials known for efficient flow destabilisation.
Spectral analysis reveals that dynamics of backward facing step is dominated by spectral
modes that remain globally coherent along the streamwise direction. We detect two branches
of characteristic frequencies in the flow and with Hilbert transform we characterise their
spatial support. For low Reynolds numbers, the dynamics of the flow is dominated by
lower frequency, whereas for high enough Reynolds numbers cross-over to higher frequencies
is observed. Increasing permeability of the porous insert results in decrease in Reynolds number
value, at which frequency cross-over occurs. By comparing normalized frequencies on each
branch with local stability analysis, we attribute Kelvin-Helmholtz and Tollmien-Schlichting
instabilities to upper and lower frequency branches, respectively. Finally, our results show that
porous inserts enhance Kelvin-Helmholtz instability and promote transition to oscillator-type
dynamics. Specifically, we observe that amplitude of vortical (BFS) structures associated with
higher frequency branch follows Landau model prediction for all investigated porous inserts.

Keywords: Experimental Fluid Mechanics, Hydrodynamics, Backward-Facing Step, Porous
Materials, Vortical Coherent Structures

1. Experimental measurements of the flow behind a backward-facing step (BFS)

We investigate vortical BFS structures that are generated behind the sudden expansion of
the geometry, i.e. backward-facing step (BFS) as shown in Fig. 1. We measure the velocity
with Particle Image Velocimetry to quantitatively characterise these structures. An example
of the spatial distribution of the measured wall-normal velocity component is shown in Fig.
1 as an alternating street of positive (in red) and negative (in blue) velocity fluctuations.
We characterise these BFS structures using spectral analysis in analogy to the methodology
described elsewhere [1]. Specifically, we observe a narrow-band spectrum with a characteristic
frequency that corresponds to shedded vortices. In addition, we determine the dependence
of the characteristic frequency and their amplitude on the Reynolds number. Our analysis is
concentrated on the first instabilities of the laminar flow that occur at low Reynolds numbers.



Crossflow U
:q

Figure 1. Geometrical configuration of backward-facing step under investigation. Black profile
represents the shear flow directly upstream of the boundary layer separation at the top step
corner characterised by free stream velocity Uy. Red volume represents the location, at which
the replaceable porous insert is placed. Blue and red contours illustrate the spatial distribution
of wall-normal velocity component that represents the BFS structures formed downstream of
the separation edge.

2. Quantitative characterisation of the flow structures formed downstream of a
separation edge

We estimate the critical Reynolds number, above which the BFS coherent structures emerge.
Spectral analysis reveals that the dynamics of backward facing step is dominated by spectral
modes that remain globally coherent along the streamwise direction. We detect two branches
of characteristic frequencies in the flow and with Hilbert transform we characterise their spatial
support. By comparing normalized frequencies on each branch with local stability analysis,
we attribute physical mechanisms for both observed frequencies. Finally, our results show that
porous inserts enhance the amplitude of one of the characteristic branches and promote transition
to oscillator-type dynamics.

3. Effect of porous material on the flow structures formed downstream the
separation edge

Another parameter under consideration in our study is the permeability of porous inserts located
directly upstream of the separation edge. We consider three different inserts along with a
reference case with impermeable walls. Using a second independent experimental installation
we characterise the permeability of each of three porous inserts under investigation. The effect
of porous medium on coherent BFS structures is evaluated, which includes the determination of
characteristic frequency and amplitude of shedded vortices. We observe that the permeability
of the fluid-solid interface can be an effective method for passive control of the flow behind a
backward-facing step.
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SELF-ADAPTIVE FLAPS FOR DRAG REDUCTION IN THE AHMED BODY
WAKE
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Heavy vehicles, such as trucks and buses, are a major contributor to global greenhouse gas emissions.
Typically, these vehicles have blunt geometries, which are in part responsible for their poor aerodynamic
performance, due to the massive flow separation at the vehicle’s rear edges. As a result, a low-pressure
zone, known as recirculation bubble, is created, leading to high aerodynamic drag force. Academic studies
usually employ simplified models of road vehicles, as the square-back Ahmed body, which exhibits various
unsteady phenomena that are representative of real vehicle aerodynamics, including vortex shedding,
recirculation bubble pumping, and the reflectional symmetric breaking (RSB) mode. This latter mode
can induce quasi-static switching between asymmetric wake deflected states [1], generating side forces
that impact drag [2].

To control the wake behind these models, various rear passive drag reduction systems, based on base
pressure recovery, have been studied in the literature [3]. For instance, the implementation of rear
cavities and flaps has led to a significant reduction of the drag coefficient, however, their performance
under yawed conditions, common in real conditions, decreases [4]. Therefore, the use of self-adaptive
systems may constitute an appealing approach, as the flaps can passively reconfigure to different flow
orientations.
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Figure 1: (a) Sketch of the experimental set-up. (b) Detail of the flexibly-hinged flap system. (c)
Illustration of the instantaneous deflection of the flexible flaps at Re ~ 7.7-10%. (d) Rear passive devices
with different degrees of freedom.

Our ongoing research use the experimental set-up depicted in Fig. 1(a). There, we have tested different
devices: 1 degree-of-freedom flexibly-hinged flaps [5], 2D flexible flaps and 2 degrees-of-freedom flexibly-
hinged flaps, see respectively Fig. 1(b, ¢, d). These devices are employed to evaluate their response
and the corresponding aerodynamic performance under different flow conditions: varying incoming wind
velocities and the relative orientation, 3, between the model axis and the incoming freestream. Usually,
force, pressure, deformation and velocity measurements have been performed to characterize the response
of the flaps and their effect in the near wake behind the Ahmed body.

The results show that the proposed adaptive devices are able to decrease the drag over a certain range



of flexibility, in a more efficient way that equivalent rigid flaps. These flaps undergo a passive recon-
figuration in the inward direction, decreasing the bluffness of the flow separation occurring at the body
base what induces the reduction of the size of the recirculation region, thus increasing the base pressure
and increasing the drag. The aerodynamic improvement given by self-adaptation of flaps is even greater
under yawed conditions.

These adaptive flaps are also shown to interact with the Reflectional-Symmetry-Breaking (RSB) mode,
typically present in the wake of three-dimensional bodies. In that regard, the self-adaptive flaps deflect
following changes in the horizontal base pressure gradient, g,, given by the switches between states of
the RSB mode, thus describing a bi-stable behaviour (see Fig. 2). The interaction of the RSB mode and
the adaptive flap deflection offers new perspectives on this fundamental question which requires further
experimental investigations.
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Figure 2: Sketch of the interaction between flaps and the RSB mode (a) N state observed with negative
flaps deflection and (b) P state observed with positive flaps deflection. Flaps are represented using thick
solid lines, while thin solid lines indicates mean deflected positions. Dashed lines are the flaps deflection
of the opposite state that is not observed.

*This research is being developed with J.I. Jiménez-Gonzélez, C. Garcia-Baena, J.M. Camacho-Sanchez,
J.C. Munoz-Hervas and C. Martinez-Bazan. This work is a result of the Projects TED2021-131805B-
C21 and TED2021-131805B-C22, financed by the Spanish MCIN/AEI/10.13039/501100011033/ and the
European Union NextGenerationEU/PRTR.
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Examination of mass flux equilibrium in the 3D turbulent wake of
the flat-back Ahmed body using stacked stereoscopic PIV
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Turbulent wake of a 3D square-back Ahmed body exhibits a long-time bi-stable behavior,
referred as the Reflectional Symmetry Breaking (RSB) mode [1]. The transient asymmetric
wake state is associated to a higher base drag, hence different strategies are being explored to
achieve effective control over the RSB mode. More recently, we presented the effect of steady
jet actuation from the center of the base [2]. The method proved to be efficient in terms of
completely symmetrizing the wake along with greater drag reduction, as opposed to base
blowing being carried out near the peripheral edges of the base [3].

In the present study, the three-dimensional nature of the Ahmed body wake subject to
centralized base blowing is investigated. The instantaneous 2D-3C velocity fields in 30 cross-
stream yz-planes in the near wake are captured using a stereoscopic particle image velocimetry
(SPIV) technique, as shown in Fig 1(a). The statistically-converged SPIV fields are
interpolated to obtain the time-averaged 3D wake field. Synchronous acquisition of PIV laser
trigger signal along with time-resolved base pressure gradient information for each downstream
plane is used to obtain conditionally-averaged vector fields. Fig 1(b) shows the symmetrizing
effect of the optimal base blowing case in the mid-horizontal plane.

A flux analysis is carried out for the first time for a 3D turbulent wake, inspired by the model
proposed by Gerrard [4]. The simple model for 2D wakes proposes the formation length to be
linked to the balance of fluxes feeding and emptying the recirculation region. The notion of
flux balance in the wake has only recently been put to test in the experiments for a mean
recirculating flow aft of a ramp by Stella et al. [5]. They demonstrate a net zero balance
accounting for the fluxes entering and leaving through the recirculation region interface. Using
the same approach, we extend this analysis to the 3D wake by accounting for fluxes across the
recirculation bubble (iso-surface of u* = 0). Fig 2(a) shows the distribution of normal velocity
on this surface where the influx region (identified by negative V,;") presents an analogy to the
induced backflow into the recirculation region. Another aspect of the flux balance is the
outflow by means of entrainment along the length of the shear layers. The entrainment flux is
estimated by accounting for growth rate along the shear layer interface (defined by iso-surface
of u* = 0.5, as shown in Fig 2(b)). By performing the flux budget analysis for the natural wake
and for select actuation flow rates (additional influx into the recirculation region), we identify
the drag reduction mechanism through two regimes; the mass regime and the favorable
momentum regime. The former is identified through an affine relationship between drag
reduction and base blowing, whereas the latter is observed to introduce non-linearities by
affecting the flux feeding the recirculation region. The transition between the two regimes is
identified through the increased drag reduction potential as well as pronounced effect on wake
asymmetry suppression. The effect on the coherent wake structures is examined using Proper
Orthogonal Decomposition of the 3D velocity field.
1
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Fig 1. (a) Schematic of few traversing SPIV laser planes which constitute a swept volume for
constructing three-dimensional velocity field. Flow actuation is carried out through centralized steady
jet base blowing (g;). (b) Mean streamwise velocity distribution overlaid with streamlines at horizontal
plane for the natural N-state wake and optimally actuated symmetrized wake. The white dashed line
shows the recirculation bubble as iso-line of u* = 0.
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Fig 2. Characteristic surfaces for the conditionally-averaged natural wake. (a) Normal velocity (1};")
distribution that contribute to fluxes across the recirculation region interface (defined by iso-surface of
u* = 0). (b) Distribution of turbulence intensity within the shear layers characterized on the shear layer
interface (defined by iso-surface of u* = 0.5).
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Heavy vehicles are a major source of COy emissions resulting from a large fuel consumption that is
mostly due to a poor aerodynamic performance and, particularly linked to the bluff geometry. The flow
around trucks and buses separates at their rear edges, creating a large recirculation bubble that creates
low pressure at the base and an associated high drag coefficient. Several efficient strategies have been
proposed to reduce the drag of this type of vehicles in the literature [1], including the base blowing or
base bleed. This control strategy is able to recover the base pressure by injecting fluid in the base of
the blunt-based body, what modifies the near wake and enlarges the recirculation region, as shown in
[2]. The present study aims to bring new knowledge about how the blowing configuration may affect
the drag and wake manipulation. Thus, we compare the performance of various symmetric base blowing
configurations, carrying out wind tunnel experiments to analyze the impact of the blowing geometry on
the aerodynamic forces, the base pressure recovery, and the near wake dynamics.
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Figure 1: Sketch of the performed experiments. (a) Lateral and rear view of the Ahmed body inside the
wind tunnel. (b) Planar PIV arrangements in vertical and horizontal planes. (c) Studied configurations.

We experimentally studied the flow around an square-back Ahmed body, depicted in Fig. 1, of height
h = 72 mm, width w = 97.25 mm and length ! = 261 mm in a recirculating wind tunnel. The clearance
from the wind tunnel ground and the yaw angle were set at ¢ = 20 mm and § = 0° respectively.
The incoming flow was defined by its velocity, uo, = 13.6 m/s, pressure, p,, and the air density, p
and viscosity, u, resulting in a Reynolds number of Re = phus/p ~ 65000. The base blowing was
injected with an air flow rate of g, expressed in dimensionless form as Cy; = ¢/ (usowh) € [0,0.0315],
through four configurations with slots of different geometries: square (S), cross (C), vertical (V) and
horizontal (H) slots, shown in Fig. 1(c) alongside the baseline case (B). The aerodynamic force coefficients
are obtained as ¢; = 2(fi — fip)/puihw with i = [z,y], where f; and f;;, represent respectively the
aerodynamic forces acting in the body and the thrust forces caused by the blowing system alone. The
pressure measurements at the tap j are made non-dimensional using pressure coeflicients, defined as
Cpj =+ 3" 2(pj —Pos)/puZ,. Thus, the base drag coefficient, cp, is also computed as cp = — dr Cp
where na is the total number of the base pressure taps available. Additionally, horizontal base pressure
gradient, gy, can be calculated as g, = h C; ~h(3 " ep i — " ¢p)/2(y1 — yr) where (y; —yr)/h =1
is the horizontal distance between the left and right columns of base pressure taps. The variables n,; and
ngr represent all the respective available locations of the left and right columns of taps, represented in
purple in Fig. 1(a). In the following, time-dependent variables will be denoted using lower-case letters
a, while time-averaged values will be expressed by means of upper-case letters A = a.

Figure 2(a, b, ¢) shows the variations of the averaged base drag coefficient, AC%, drag coefficient, ACF,
and the recirculation bubble length, AL, with respect to the baseline case (B) values. The recirculation
region length, L* = L,./H, is defined as the streamwise distance between the body base (located at = = 0)
and the furthest point of the recirculation separatrix in x, given by the streamlines of the mean flow.



Similar trends are observed for all configurations when the blowing is activated, namely: an initial decrease
of the coefficients followed by a subsequent increase given at large blowing coefficient, thus defining two
mass and momentum regimes (see Fig. 2). The mass regime results then into base pressure recovery with
the increasing blowing, which is caused by the inflation of the recirculation region. The drag reduction
trends are similar for the tested blowing configurations. Conversely, over the momentum regime, the
base pressure is reduced and the drag increases with increasing blowing, due to the high momentum jet
produced at the blowing slot. While the mas regime depicts similar trends for all configurations, these
of momentum regime are seen to be highly dependent on the slot geometry. Thus, among the different
tested cases, the S slot is the most efficient configuration since it provides the larges drag reduction,
AC,, followed by the H slot. Configurations with vertical slots, i.e. (C and V), are shown to be the
least efficient configurations. This hierarchy is based on the efficiency of the blowing configuration in
lengthening the recirculation region without disturbing the near wake.
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Figure 2: Evolution of averaged (a) base drag coefficient, ACp, (b) drag coefficient, AC,, and (c)
recirculation bubble length, ALY, variations with respect to B case at different blowing flow rates, C.

On the other hand, the reference wake exhibits initially a quasi-static asymmetry attributed to the pres-
ence of the Reflectional-Symmetry-Breaking (RSB) mode [3]. The blowing affects however this topology.
The RSB mode sensitivity to blowing geometry is shown in Fig. 3. Here, the most effective slot for drag
reduction, S, also manages to symmetrize the wake [4]. On the other hand, the least efficient blowing
configurations, V and C, lead to increased wake asymmetry as blowing flow rates C, rise.

H

Figure 3: Probablity Density Functions (PDFs) of the horizontal base pressure gradient, g,, for the
different blowing configurations (S, C, V and H) at the tested blowing flow rates, C,. Dashed white
lines represent the blowing flow rate that recovers the maximum base pressure for each configuration.

This work is a result of the Projects TED2021-131805B-C21 and TED2021-131805B-C22, financed by
the Spanish MCIN/AEI/10.13039/501100011033/ and the European Union NextGenerationEU/PRTR.
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Abstract We have conducted an experimental investigation on the effect of different deflector angles on the drag and lift
coefficients of an Ahmed body without ground effect. Our findings show that the minimum drag corresponds to a deflector
angle between -4 and 0°.

Keywords: aerodynamics, passive control, bluff body.

Improving the reduction of aerodynamic drag is one of the main tasks in engineering to reduce fuel con-
sumption in ground or air vehicles. Although the geometry of the vehicles is already highly optimized, this is
not the case for heavy vehicles such as trucks or buses. Researchers apply different passive and active flow con-
trol techniques to reduce aerodynamic drag [1l]. Most of these techniques deal with the massive flow separation
at the rear of vehicles, where two main flow structures are the origin of drag sources: one recirculation bubble
and one pair of longitudinal counter-rotating vortices (C-vortices) [2]. The former causes pressure to drop at the
rear, and the latter is a source of (aerodynamic) induced drag [3|].

We measured the hydrodynamic forces and the wake velocity fields generated by an Ahmed body model
(rear slant angle of 25°, length L=221 mm) with no ground effect using different deflector angles (o) to reduce
the drag. We obtained velocity measurements from 2D-PIV in a plane perpendicular to the free-stream direction.
We conducted the experiments in a towing water tank at a constant height-based Reynolds number, Rey =
20 x 10°. We present the average results over a set of three experiments.

Drag force measurements, see figure |1| (a), show that the maximum drag reduction occurs for o values
between -4° and 0°, diminishing the drag up to approximately 12% respect to the base case. This reduction is
maintained of the same order of magnitude up to @ ~ —8°. However, for very low angles, the drag increases
approaching the base case value, o — —25°. For positive values of &, despite the bigger projected area, the drag
does not overcome the configuration without deflector until & = 16°. Additionally, the deflector always reduces
the lift respect to the base case, as shown in ﬁgureE](b). We also observe that lift decreases as o increases, and
at the minimum drag configuration, it drops to less than half of the base case. This reduction is a desirable effect
since lift reduces the traction of the tyres on ground vehicles and results in an increased risk of skidding.
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Figure 1: Drag (a) and lift (b) coefficients and its standard deviation versus &. Continuous and dashed lines
represent the base case. The inset in (a) shows a scheme of the rear of the model with the deflector.

The drag measurements can be related to the wake vorticity. We focus on analyzing three relevant cases: the

*Fluid Mechanics, University of Mélaga, Institute for Mechatronics Engineering & Cyber-Physical Systems , Mdlaga, Spain



model with no deflectors, the minimum drag configuration (& = —4°), and a high drag configuration (&t = 16°).
The streamwise component of the vorticity (@) is mainly generated by the longitudinal (streamwise) vortices.
The integral of @ over the measurement plane results in almost zero net circulation since the vorticity alters
signs for counter-rotating vortices. Therefore, we integrate the absolute value of @ to estimate the C-vortices
strength (see figure[2). The case with oo = —4° displays lower values, suggesting a drop in the induced drag as
a cause of the total drag reduction.

Furthermore, the weakening of the C-vortices is also evident when looking at the vorticity and velocity in
a (X, Y)-plane, as shown in figure 3] The structure of the counter-rotating vortices is easily identifiable for the
base case (a) but not for @ = —4° (b), which has a less coherent wake structure. Furthermore, the degeneration
of the C-vortices seems to cause a reduction of the downwash, which may be associated with a reduction of the

lift.
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Figure 2: The absolute value of the streamwise component of the vorticity integrated over the measurement
plane as a function of the streamwise direction Z from the model vertical origin at the trailing edge.
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Figure 3: Velocity field (arrows) and vorticity fields (heatmap) at a distance z=10mm to the vertical base for (a)
no deflector and (b) & = —4°. @=7mm? /s level marked in black lines.
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The bluff geometry of heavy vehicles contributes to a significant aerodynamic drag, partly caused at their
blunt base where flow separation occurs. Several studies have proposed rear devices to act on the near
wake and consequently, to reduce the aerodynamic drag, as e.g. rigid cavities [1]. However, conventional
rigid passive systems may not always perform optimally under changing flow conditions, such as transient
flow or crosswinds [3]. Alternatively, the use of flexible self-adaptive solutions, that can passively mod-
ify their geometry to changing near wake features, may overcome these limitations, offering an efficient
solution to reduce drag under different flow conditions.

Following this approach, we conducted wind tunnel experiments to analyze the wake behind a square-back
Ahmed body. The model of height H = 72 mm, length L = 4.04H, and width W = 1.35H (see Fig.1), was
subjected to uniform flow of free-stream velocity u.,, density p¢, and viscosity pr. The Reynolds number
Re = ppucH/ps ranges from 5-10* to 9 - 10*. For these experimental conditions, the wake behind the
model exhibit quasi-static asymmetry, induced by the destabilization of Reflectional-Symmetry-Breaking
(RSB) mode [2], which governs the drag reduction mechanisms. As self-passive device, we employed two
flexible brass foils, each with a length of B = 0.46H, attached at the base edges that can be deformed
in 2D (see Top view on Fig.1). We measured the base pressure (p;), the aerodynamic forces (f;), the
near wake features by planar PIV (ug,u,) and the flaps deformation () with a high-speed camera. We
compared three different configurations: (1) the reference baseline case (REF), (2) rigidly mounted flaps,
with the same length as the employed flexible flaps (RF), and (3) the described flexible flaps (FF). To
evaluate the effect of the passive devices under crosswind conditions, we set three different yaw angles:
B =0°,5°,10°. We assessed the fluid-structure interaction between the flexible flap and the wake behind
the Ahmed body by varying the Cauchy number, Ca = psu? HB3/2F]I, in a range of [16.8, 53.2]. In the
following, time-dependent variables will be denoted using lower-case letters a, while time-averaged values
will be expressed by means of upper-case letters A = a.
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Figure 1: Sketch of the experimental set-up.

To observe the effect of the flexible and rigid flaps on the drag coefficient, C,, = F,/0.5pu HW, we
have computed the relative difference between the values obtained for the two flap configurations (rigid,
RF, and flexible, FF) and the baseline case (REF). In Fig. 2(a), it can be noticed that the rigid flaps
slightly reduce the drag for aligned conditions. However, an increase in this coefficient is observed for non-
aligned conditions, presumably due to the appearance of streamwise vortices. For the flexible flaps case,
a significant reduction in drag is observed not only for aligned conditions but also for yawed conditions,
owing to the flaps’ self-adaption to the flow, particularly for low Ca values. In that regard, Fig. 2(b)
shows the time-averaged angular deflection of the flap tips, ©. At low Ca, the flexible flaps undergo an ,
inwardly, quasi-static passive reconfiguration (see Fig. 2c, top) for all tested angles, resulting in reduction
of the drag. At large Ca values, there is a sudden increase of the reconfiguration mean angle alongside
with important flaps vibrations (see Fig. 2c, bottom) which is detrimental in terms of drag. This large



amplitude flap vibrations are related to the appearance of high-deformation mode in the flexible flap.
The threshold in terms of value of Ca depends on the yaw angle, B. For example, at 8 = 5°, the angle
of the windward flap, O,, starts to oscillate vigorously at smaller Ca values than the leeward flap, ©1,
which remains under quasi-static passive reconfiguration at Ca ~ 43.
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Figure 2: Evolution of (a) the relative drag coefficient and (b) the averaged flap deflection angle, ©,
with Ca (or Re) under the different tested yaw angles and configurations. (c) Instantaneous (in blue and
green) and averaged (in pink) flap deformations at Ca ~ 43 (top) and ~ 53 (bottom).

The drag reduction achieved by the flaps is a result of the interaction between the flaps and the near
wake, as depicted in Fig. 3 by time-averaged streamwise velocity, U,, contours alongside averaged flow
streamlines (U, U, ). For the baseline case (see Fig. 3a), a symmetric recirculation bubble is observed,
despite the presence RSB mode, which indicates an equal probability of exploration for both horizontally
deflected wake states. When rigid flaps are set (see Fig. 3b), an elongation of the recirculation bubble
occurs due to the increased distance between the recirculation region cores and the body base caused by
the flaps, leading to pressure recovery at the base and the suppression of the RSB mode [1]. For flexible
flaps (see Fig. 3c), the flaps produce some wake shaping, justifying the observed pressure recovery at the
base and hence, drag reduction, C,.

Figure 3: Time-averaged flow at the horizontal plane placed at z = 0 for: (a) baseline case, (b) rigid flaps
at Re ~ 77000 and (c) flexible flaps at Ca ~ 43 (Re ~ 77000).
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Abstract We have conducted an experimental investigation on the effect of spanwise wing deformation on the lift
coefficient and the properties of the wingtip vortices generated by several NACA(0012 symmetric wing models.
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The state-of-the-art research on steady-state aerodynamics under subsonic flow conditions presents a wide
variety of studies that contemplate the characterization and analysis of flight conditions with rigid wing models.
However, the advent of increasingly lighter airfoil materials causes considerable spanwise deformations, which
has become a relevant concern for the operation at low Reynolds number regimes of Micro Air Vehicles (MAVs)
and Unmanned Aerial Vehicles (UAVs). The flow dynamics at this regime are notably intricate, primarily driven
by a laminar separation bubble (LSB) developed on the suction side of the wing profiles. Consequently, even
subtle changes in experimental conditions or wing geometry can significantly impact wing forces and wake flow
structures, which are critical in determining the optimal active control of the fluid flow.

We have measured both the hydrodynamic forces and the velocity fields generated in the wake of three
different NACA 0012 rigid wing models for several angles of attack lower than the stall value in a towing water
tank located in the Laboratory of Aero-Hydrodynamics of the University of Mdlaga, Spain. We conducted all
experiments at the same chord-based Reynolds number, Re = 20 x 103, and each of the three wing models
considered presents a varying level of spanwise deformation: non-deformed (ND), intermediate deformation
with a tip deflection of 6 = 2% (ID) and large deformation with a tip deflection of 6 = 4.5% (LD). We show in
Figure[l|a graphic visualization of the deflection curves along the spanwise direction for these models.
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Figure 1: Non-dimensional spanwise deflection levels, extracted from experimental measurements(l): non-
deformed (ND, & = 0%), intermediate deformation (ID, § = 2%), and large deformation (LD, é = 4.5%).

Force measurements reveal three discernible zones within the range of angles of attack investigated, each
presenting different lift slopes. These zones persist even for the deformed wings, indicating consistent aerody-
namic behavior across different wing configurations. One initial observation is that at lower angles of attack,
for instance, o@ = 4°, the non-deformed wing configuration exhibits higher lift than the maximum spanwise de-
formed wing. Conversely, at higher angles of attack, such as & = 8°, the spanwise deformed wing configuration
presents a higher lift. These changes in the lift forces for different spanwise deformations can be observed in

Figure 2] (a).

*Universidad de Malaga, Institute for Mechatronics Engineering and Cyber-Physical Systems (IMECH.UMA), Campus de Teatinos,
s/n, 29071 Malaga, Spain



Additionally, the deformation decreases the circulation over the wing for @ < 6 concerning the circulation
of non-deformed values and increases it for greater ¢, as observed in Figure [2| (b). This tendency change
is also directly related to the circulation measured in a plane perpendicular to the wing model movement, as
proposed in (3). We have shown that their empirical relationship between the circulation over the wing due to lift
vortex (obtained from Cy) and the circulation measured in a plane perpendicular to the wing model movement
(computed from 2D-PIV experimental measurements) is valid for our study.
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Figure 2: (a) Lift coefficient versus the angle of attack for three different levels of deformation, and (b) cir-
culation with respect to the radial coordinate for 5 different angles of attack, where solid lines represent non-
deformed wings and dashed lines represent deformed wings with 6 = 4.5%. Figures extracted from (2).
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Stall Flutter Characteristics of a Pitching NACA 63(3)418 Aerofoil with Passive Camber Morphing
Capabilities
City, University of London
Quentin Martinez, Chetan Jagadeesh, Mohammad Omidyeganeh

Motivation

Fatigue related downtime in offshore wind farms continues to be an important logistical and financial
consideration despite continued growth in wind turbine efficiency and aggregate power output. Some authors
have estimated between 4-10% average downtime for offshore wind turbines (Horn and Leira, 2019) due to a
combination of electrical and mechanical failures. Kolios and Cevasco (2021), reported an appreciably larger
downtime range, 0.9-19.8%, based on a comprehensive survey of various reliability studies in Europe (Cevasco,
Koukoura, and Kolios, 2021). They also note a disparity in operational availability between mega-watt range, off
and onshore wind turbines (onshore being less susceptible to failure) supported by a prior correlation of turbine
failure rate and unfavourable environmental conditions (Tavner et al., 2012). To broaden the mechanical
lifetime of offshore wind turbines, current research has been focused towards fatigue mitigation by means of
active and passive flow control mechanisms. The primary goal of these devices is to assist in load alleviation
during transient conditions like gusts, crosswinds, or wakes. One promising method to achieve such alleviation
is by using compliant aerofoil profiles that can adapt their camber in response to aerodynamic loading. A similar
moderating effect can be achieved by a hinged flap that also acts to passively adjust camber.

Introduction

Significant load alleviation for fatigue susceptible aeroelastic structures like wind turbine blades has been
demonstrated to be possible by the inclusion of passive camber morphing capabilities (Cordes et al., 2018), (Bak
et al., 2007), (Bottasso et al., 2016) where an elastic response to coupled inertial, structural, and aerodynamic
forces can help attenuate cycle-per-cycle load variations. At high mean angles of attack though, transient
environmental conditions can provoke perturbations beyond the static stall angle where the periodic
shedding/reattachment of flow may lead to pronounced load variations and hysteresis effects. This has
motivated additional interests in camber morphing technology as a potential suppressant to the dynamic stall
process. In this context, there has been a significant amount of work conducted on active camber morphing
devices and their role on fatigue lifetime for high mean angle of attack conditions. Wu et al. (2023)
demonstrated a decrease in pitching moment variation for a prescribed dynamic stall process by using a
spanwise deformable flap. Samara and Johnson (2020) also showed significant load alleviation for a prescribed
pitching aerofoil section by means of a hinged flap. Seyednia, Masdari, and Vakilipour (2019) and Zhuang et al.
(2020) both demonstrated similar load control capabilities for lift and drag forces on a pitching aerofoil section
via camber morphing. It is worth emphasizing that all these particular cases implemented prescribed pitching
and flap motions which is different from a purely passive aeroelastic system. In general, though, the trailing
edge flap chord fraction, amplitude of flap deflection and phase offset between rigid body and flap motion all
significantly contribute to the manipulation of aerodynamic loads during the dynamic stall process. Some of the
mentioned authors also demonstrated how specific phase offsets can lead to enhanced energy extraction from
the incoming free stream. More specifically, there exists a potential range of phase offset conditions between
the rigid body and deforming flap motion that promote negative aerodynamic damping and therefore the
instability state known as stall flutter. While this circumstance of camber morphing aerofoils has been
speculated in prior works, there is no significant body of literature investigating such an instability for a wing or
aerofoil section with passive camber morphing capabilities through high fidelity simulations or experimental
techniques. Thus, the current project aims to provide both a quantitative and phenomenological
characterisation of the stall flutter instability for a camber morphing NACA 63(3)418 aerofoil.

Methodology

The current workload consists of simulating the pitch degree of freedom stall flutter instability with passive
trailing edge via high-fidelity large eddy simulations (SUSA) (Rosti et al., 2016). Simulated results will be validated



through stereoscopic Particle image velocimetry (PIV), aerodynamic moment measurements, and pitch position
optical encoder measurements. Both simulated and experimental results will also be compared to rigid body
measurements to inform how passive camber morphing devices either attenuate or exaggerate the stall flutter
instability at similar operating conditions. All CFD based results are computed using an in-house, incompressible,
Navier-Stokes solver on structured grids. The current version implements the finite-volume method and
fractional step temporal discretisation that is parallelised using the MPI message passing library. All
experimental results are measured in City, University of London’s subsonic T2 wind tunnel facility with
modifications to include a cyber-physical aerofoil pitching system. The designed cyber-physical system is based
on a similar approach by Fagley, Seidel, and McLaughlin, (2015), Farnsworth and Culler, (2019), and Hover et al.,
(2000) where a feedback control system is used to prescribe a motor torque response that emulates a torsion
spring, mass, damper system. In this formation, cyber-physical control gains representing spring stiffness,
moment of inertia, and damping can be adjusted to vary the stall flutter bifurcation conditions and oscillatory
response of a pitching aerofoil. Progress to date primarily regards CFD and wind tunnel testing of the NACA
63(3)418 aerofoil section under static conditions for baseline data at low chord-based Reynolds numbers. CFD
simulated results shows good agreement with static load wind tunnel measurements up to high angle of attack
conditions (& = 10°) at Re=100,000. Beyond the linear aerodynamic regime though, we observe a departure
from predicted lift and drag measurements. Passive tufts on the aerofoil suction side also provide good
qualitative agreement on the flow separation front as it traverses the chordwise direction from trailing edge to
leading edge. Preliminary flutter simulations for a rigid body aerofoil section clearly demonstrate a loading
hysteresis effect due to leading edge vortex formation, propagation, shedding, and flow reattachment. Cycle-
to-cycle aerodynamic moment profiles also confirm the presence of energy extraction which indicates an
incomplete but necessary condition for sustained limit cycle oscillations. Future work consists of testing the
cyber-physical control system for pitching responses to small perturbations and comparison with CFD results
over a range of reduced frequencies.
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Figure 2. NACA 63(3)418 aerofoil mounting assembly render
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I will discuss our recent progress on applying Reinforcement Learning (RL) to intractable
turbulent fluid flow systems for optimising the aerodynamic efficiency through flow control
and accelerating the transition to Net Zero. Since the governing fluid-flow equations
are intractable for simulated environments for realistic geometries and high Reynolds
numbers turbulent regimes, we apply RL in real time/real environments by interacting
with the wind tunnel environment, which consists of a car model, dynamic actuators for
aerodynamic shaping, and wall mounted pressure sensors. Our goal is to discover dynamic
wake control strategies that minimise the acrodynamic drag.

From an algorithmic perspective, I will discuss challenges associated to partial observ-
ability, convergence, and delays. A thorough analysis will be presented using simpler
configurations before deploying them in the wind-tunnel environment. At laminar and
two-dimensional flow regimes, the performance of the RL under partial observability of
the flow dynamics (pressure sensors on the body) is significantly degraded, limiting drag
reduction by 50% compared to probes optimally located downstream of the body. A
method integrating memory into the control architecture is proposed to improve perfor-
mance in partially observable systems. By augmenting the input to the controller (neural
network) with a time series of lagged observations from past actions and sensors, the
dynamic controllers discovered using RL completely stabilise the vortex shedding using
only surface mounted sensors.

From a hardware perspective, I will discuss efficient implementation of RL algorithms for
real-time training and preliminary results from wind tunnel experiments of RL for road
vehicle drag reduction. These results are a first step towards realistic implementation of
reinforcement learning for optimising partially observable and intractable flows.

Acknowledgements: This work is supported by the UKRI Al for Net Zero grant (EP/Y005619/1).
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ABSTRACT

The growing focus on reducing energy consumption, particularly for electric vehicles with limited autonomy, has
prompted innovative solutions. In real-life scenarios, i.e. the variety of operating conditions that any vehicle has to face
over his life cycle, the vehicle is subject to continuous inputs from the natural wind and the wake of other vehicles. Lot
of studies have been devoted to characterizing the effects of changes in the surrounding environments. Using quasi-steady
approaches, a wind averaged drag coefficient can be defined using representative wind-speed distributions (Howell et al.
2017). This wind averaged drag coefficient is significantly higher than the basic drag coefficient at zero yaw. As stressed
by these authors, reducing the sensitivity of the aecrodynamic loads to the natural wind is therefore a critical issue for
aerodynamic development engineers. Starting from these considerations, the objective of this research is therefore, for
varying upstream flow conditions, to use active flow control in order to maintain the drag performance at zero yaw angle
carefully achieved during the optimization procedure. More specifically, in this work the primary focus is the control of
the wake, as it has a predominant role in contributing to the overall pressure drag.

This study is performed using an academic, but representative, model at reduced scale called “Windsor model” (Good
and Garry 14) used in numerous experimental and CFD studies. An on-road test campaign was also performed in windy
conditions, capturing time-dependent data for resultant air speed, yaw angle, and base pressure distribution using car
mounted instrumentation. Usual probability density functions (pdf) of yaw angles (B) were obtained with typically —5° <
B < 5° for 95% of the time. The main message from these campaigns is that large scale vertical or horizontal motions of
the near wake are indeed detected and are main contributors to the variance of the base pressure fluctuation. Interestingly,
low frequency global wake motions have a major contribution in real situations, which makes it interesting to search for
quasi-steady active control approaches because the time scale of the external forcing of the wake by the slow external
perturbations is then much larger than the advective time scale driving unsteady aerodynamic responses. For the road
tests conducted on the Stellantis vehicle, 49 unsteady pressure sensors were installed on the base, allowing simultaneous
data acquisition. A Proper Orthogonal Decomposition (POD) of the pressure data reveals that the two primary modes
correspond to vertical and horizontal wake motion, collectively contributing to over 60% of the total variance in pressure
fluctuations. Further spectral analysis of the random coefficients associated with these modes indicates that low
frequencies (typically St < 1071) contribute more than 60% of the variance for these large-scale motions (Cembalo
2024). Given these findings, our approach in this study is to explore a quasi-steady control methodology.

We propose here an active solution for drag reduction consisting in controlling four rigid flaps positioned at the base of
the vehicle. By employing the flaps, our goal is to manipulate the near wake orientation in order to maintain a reference
pressure distribution at the base of the model. More precisely, the system output is based on four static pressure sensors
only, located on the base of the model, used to represent a mean pressure level and the horizontal and vertical pressure
gradients. The instrumented Windsor body (fig.1) has model wheels and is equipped with four controlled flaps at the rear.
Wind tunnel tests are conducted to generate quasi-steady disturbances. Our results demonstrate that this complex system
can be effectively modelled by a low-order Linear Time-Varying (LTV) model, with parameters predominantly varying
based on the upstream flow properties. Our proposal involves the online identification of this black-box discrete time
LTV model derived from experimental data. In addressing both the constraints imposed by flap angle saturation and the
absence of state measurements, we developed a Recursive Subspace-based Predictive Control (RSPC) approach. In the
closed-loop system, input/output data are intricately correlated with noise, and we propose an unbiased recursive estimator
to mitigate these challenges. This approach ensures that the proposed solution remains economically viable, aligning with
the industrial feasibility criteria. The latter offers the advantage of recursive estimation, allowing the control system to
continuously update and refine its model based on real-time measurements. This adaptive capability enhances the
robustness and accuracy of the control process, ensuring consistent performance over time and maximizing the drag
reduction over the wide range of operating conditions. Subsequent closed-loop tests were carried out in the wind tunnel,
demonstrating the viability and effectiveness of our approach. Two control objectives were tested. One consists in
sustaining the basic pressure distribution having a lateral symmetry at zero yaw (fig. 2). The other one, more stringent,
forces both vertical and horizontal symmetry of the distribution, along with a higher pressure level (fig. 3 and 4). In both
cases, the control maintains efficiently the reference pressure distribution for quasi-steady yaw angle variations
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representative of real driving situations. Subsequent analysis confirms a notable decrease in the base pressure coefficient
Cp, and, consequently, a reduction of the drag.

These promising outcomes validate the proof of concept, signifying a significant milestone. Nonetheless, substantial
efforts lie ahead before implementation in production cars becomes feasible. The principal area for further improvement
revolves around the actuators. Integrating active flaps in vehicles is not a practical solution. Conversely, exploring flexible
tapers with the capability to deform locally the bodywork appears feasible. The efficacy of these actuators in precisely
controlling the pressure at the rear of vehicles having a more complex rear geometry is yet to be substantiated. This is the

subject of an ongoing research work.
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Figure 1: Control system. In orange and green the four rigid
flaps, 6 being the flap’s displacement. The red pressure taps
are the ones used for the system’s outputs
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Figure 2: Mean value of the base pressure Cy, versus f§ with
lateral symmetry control (orange line) and without control
(blue line). The standard deviation of Cy, is about 2% of Cy, in
all depicted cases.
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Optimised drag configurations of an Ahmed body in crossflow with top and bottom
rear morphing spoilers allowing twisted deformations

Yajun Fan? and Olivier Cadot’

For ground vehicles aerodynamic, fundamental research on simplified 3D bluff bodies identified the main
source of the drag as the low pressure at the base due to the massive separation at the trailing edge'. Numerous
passive flow control techniques have been devised to achieve drag reduction, including tapers at the trailing edge,
boat tailing, static flaps, and base cavities. However, these strategies, optimized for a wind-aligned attitude, may
experience a loss of efficiency when the body attitude (yaw and pitch) undergoes changes. Thus, It is necessary
to develop an adjustable control technique to achieve drag reduction under an arbitrary body attitude. The
current work proposes morphing spoilers to reduce the aerodynamic drag of an Ahmed body. The morphing
allows twisted deformation that will be shown to improve the drag reduction in crossflow conditions.

The considered geometry is a flat-back Ahmed model (see in Fig.1) with dimensions L = 560 mm, W =
180 mm, and H = 200 mm. The body is supported by four cylinders of 15 mm in diameter, leaving a ground
clearance C = 30 mm. The model is placed on a six-component force balance to measure the aerodynamic force
fx fy, [z in the coordinates system (ey, ey, €;). There are 20 pressure taps, all located at the base in the space of
the height %H (see the blue dots in Fig.1b), to give an estimate of the drag contribution C,;, = %Ch over the flat
surface (grey region in Fig.1b). The assembly is mounted on a motorized rotation stage to control the yaw angle
B. The experiment is conducted in a blow-down wind tunnel under the free-stream velocity Us, = 16.2m/s
(i.e. the dynamic pressure g.. = 160 Pa), corresponding to the Reynolds number Re = U..H /v ~ 2.2 x 10°. The
height of the body H and the free-stream velocity U.. are chosen as length and velocity scaling units respectively.
The after-body is equipped with two morphing spoiler modules (see Fig.1d) at the top and bottom trailing edge.
Two angles on both sides can be regulated independently, enabling either pure deflection or twisted deformation
of the spoiler surface (see Fig.1d).

(@)

Figure 1: Sketch (@) of the geometry with two morphing spoiler. Rear (¢) view showing the pressure taps
location on the base. Sketch of (c) the morphing spoiler. Picture (d) showing a twisted spoilers configuration.

In the current work, three different spoilers configurations are investigated: the flat one @12 = (0°,0°,0°,0°),
the reference one @R’ = (10°,10°, 6°,6°) for which drag is minimal at null-yaw attitude and the optimal one
P! obtained with the genetic algorithm at arbitrary yaw attitude . As shown in Fig.2(a), the drag reduction

Pp
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capability of the reference configuration is confined to a very small yaw range (8 < 2°). Yawing the body is
detrimental to the drag reduction effectiveness of the reference configuration, to the extent that it even increases
the drag at a large yaw range (8 > 4°) compared to the flat spoilers configuration. This is attributed to the
diminished capacity to recover the base pressure through the reference spoiler (see in Fig.2b) and to the drag
contribution of the spoilers themselves?, as the yaw angle increases.The optimal spoilers achieve in average a
drag reduction of about 7% compared to the reference spoilers for arbitrary yaw attitude. Fig.2(c) presents the
variation of the optimal spoilers angles with the increase of the yaw. A twisting deformation is necessary to

reduce the drag, especially for the bottom spoiler.
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Figure 2: The variation of the drag Cy (a) and base drag Cy;, (b) over the flat surface vs. yaw angle 3 for the flat
spoiler, the reference spoiler and the optimal spoilers (see its variation with the yaw in ¢)

Fig.3 presents the mean velocity field and the turbulent kinetic energy in the cross-section at x = 0.5H for
ayaw § = 6°. The optimal spoilers configuration modifies the pronounced wake asymmetry in the horizontal
direction to asymmetry in the vertical direction. It needs to be understood why drag reduction is associated
with the transfer of the side force created by the wake towards the lift component. In addition, the reference
spoilers configuration significantly enhances the wake fluctuation on the windward side compared to the flat
spoilers. This could explain why, despite the thinning of the recirculating region, the base drag fails to decrease.
While through spoilers shape optimization, the weakening of wake fluctuation is evident, thereby likely to also

contribute to the recovery of base pressure.
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Figure 3: Mean velocity field (top row) and turbulent kinetic energy (bottom row) in the cross-plane x* = 0.5H
for three spoiler configurations: () flat spoiler; (b) reference spoiler; (¢) optimal spoiler at f = 6°.

In summary, this work investigated the effect on drag of spoilers shape at the trailing edge of a squareback
Ahmed body in cross-flow conditions. The spoilers design, optimized under null-yaw conditions, experiences
a loss in drag reduction with yaw and even exhibits an increase in drag at larger yaw angles. For these yaws,
optimal deformation are twisted spoilers altering the wake orientation and attenuating the wake fluctuation.

2Fan et al. Exp. Fluids 65 (2024)
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Reconstruction of turbulent bluff body wake using
Physics Informed Neural Networks
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Motivation: Accurate simulation of fluid flows (governed by the unsteady Navier-Stokes)
using high fidelity methodologies is often intractable for turbulent regimes. Whilst solving the
mean flow Reynolds-Averaged Navier-Stokes is computationally cheaper, they are less accurate,
due to a lack of exact turbulence closure. Likewise, high-fidelity experimental data can be
produced, but is often limited by practical constraints. Data assimilation techniques have been
successfully used to combine high fidelity data with existing numerical methods to reconstruct
fluid flows [1, 2]. In this work, we solve the inverse problem, to reconstruct a bluff body wake
at Rep = 200000 (see Figure 1 combining sparse experimental flow measurements and under-
determined governing flow equations.

Pressure taps |...

Figure 1: Experimental set up of bluff body wake at Rep = 200000 showing instantaneous PIV
velocity field and pressure tap locationsx.

Approach & Methods: This work will investigate how Physics-Informed Neural Networks
(PINNs) (as seen in Figure 2) can be used to reconstruct the experimental bluff body wake.
Depending on the formulation of the problem, we show how coarse velocity measurements can
be super-resolved and how velocity fields can be used to infer the unknown pressure fields and
vice versa.

In particular, we evaluate the effect of constraining PINNs with different formulations of the
governing fluid equations and how this affects flow reconstruction accuracy. We examine use
of i) the RANS equations without turbulence closure (PINN-Baseline) ii) the RANS equations
with turbulence closure (PINN-SA) iii) the Harmonic-Balanced Navier-Stokes equations (PINN-
HBNS). To this aim, we set up a constrained optimisation to find the flow solution, which
minimises error to measurements J,

Npm
J = Z ||ﬁm - lAlm,pred||27 (1)
m=1
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whilst obeying the governing equations. Furthermore, in this work, experimental data is used
with PINNs (unlike in [1, 2]), and thus the effects of this must also be considered.

HBNS equations with a closure term, R

1

S
N
1=

~

=

3

&

|

£

3

VN

C=J+ Lphysics + Lpc

Backpropagation
arg mein c

Figure 2: Structure of the Physics-Informed Neural Network. The deep neural network, denoted
by N, produces a continuous solution for the flow as a function of location, defined by a set of
weights and biases, #. This enables the super-resolution of the velocity field.

Main findings: In this work, we show that the all proposed PINN formulations are able to
successfully reconstruct a three-dimensional bluff body wake, from a single plane of sparse 2D2C,
experimental PIV velocity data measurements, across a range of data resolutions. However,
comparing the different PINN formulations highlight the differences between them. However,
the addition of physics constraints (PINN-SA or PINN-HBNS) has a significant effect on flow
reconstruction accuracy. Furthermore, small measurement errors found in experimental data
presented new challenges that we will be adressing.
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Attitude effect on the stable and unstable recirculating flow of a blunt rectangular
trailing edge body with wall proximity

Olivier Cadot  Yajun Fan'

We are investigating experimentally the flow past the bluff body shown in Fig. 1 at Re= 2x 10° with the aim
to address fundamental aspects of vehicle aerodynamics in the transportation industry. The study focuses on
the wide recirculating region produced by the rear separation and the associated wake, leading to high drag and
additional force when the body attitude defined by pitch & and yaw f3 is increased!. The study is repeated with a
base cavity (inward translation of the base) presenting identical location of the rear separation. The base cavity
is known to suppress the steady instability, responsible for the opposite vertical asymmetries in Fig. 1(left) at
B = 0°. In these velocity fields, the presence of the 2 spirals inside the recirculation delimited with the red
line indicates an intersection with a skewed recirculating torus as sketched in the top left of Fig. 1. At an
identical attitude, the base cavity present a straight recirculating torus as similarly sketched in Fig. 1. We thus
investigate how the rear flow orientates for both cases with body attitudes within the range —2.5° < o < 2.5°
and 0° < B < 12°. At the conference, we will discuss how the recirculating torus, either stable or unstable
deforms with the body attitude and how it affects the body aerodynamics.
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Figure 1: Mean velocity field in a fixed plane perpendicular to U.. showing a crossflow section of the recir-
culating bubble for 4 body attitudes for (left) flat base and (right) base cavity. Streamlines are made from the

crossflow velocity components V,W. The feedback flow U < 0 is shown as the cyan area and the boundary of
the separation is delimited by the red isoline U = 0.625U..
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