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Abstract

The Benchmarck on the Aerodynamics of a Rectangular 5:1 Cylinder is studied using a
data-driven technique which bridges numerical simulation and available experimental
results. Because of intrinsic features of the tools used for investigation, in particular in
terms of set-up and boundary conditions, significant discrepancies have been observed in
the literature when comparing experimental and numerical results. An approach based on
the Ensemble Kalman Filter is here used to optimize a synthetic turbulent inlet used as
boundary condition in the numerical calculation, in order to reduce the discrepancy with
the available experiments. The data-driven method successfully optimizes the boundary
condition features, which produce a significant improvement of the accuracy in the
prediction of the flow. These findings open perspectives of application towards the analysis
of realistic cases, where boundary conditions are complex and usually unknown.

Keywords BARC - DDES - EnKF - Syntethic turbulence inlet

1 Introduction

Among the open challenges in wind engineering applications for urban settings, the
accurate prediction of unsteady features and higher order statistical moments of the
flow field represents a key element for technological advancement. Detailed information
about the instantaneous organization of the flow can be essential to predict and control
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the emergence of extreme events. In addition, the accurate representation of instantaneous
features of the flow is a key element to obtain precise estimation of the higher-order
statistical moments of the physical phenomena at play. Such statistical moments, which
are not well described by stationary closures such as Reynolds-Averaged Navier—Stokes
(RANS) models (Pope 2000; Wilcox 2006), play an important role in the mechanical
stress of urban structures and have to be taken into account in the concept and design
phases of production. For example, the second order moment (variance) of the pressure
field is essential to measure the surface stress affecting buildings (Charisi et al. 2019)
and is can also be tied to dangerous aeroelastic phenomena which can affect slender
structures (Matsumoto and Tamura 1993). Experiments in wind tunnels can measure such
instantaneous features of the flow. However, the positioning of velocity sensors, such as
hot wires, and pressure taps can be precluded in sensitive physical region of the model and
systematic usage in realistic applications is not realistically attainable. On the other hand,
the development of new computational architectures and the availability of the resources of
supercomputing centers provide reliable tools to investigate such problems using numerical
strategies based on Computational Fluid Dynamics (CFD). In particular, scale-resolving
simulations able to capture the large scales of the flow, such as wall-modeled Large Eddy
Simulation (LES) (Pope 2000; Sagaut 2005) or hybrid RANS-LES (Pope 2000; Sagaut
2005; Shur et al. 2008), show promising features for the representation of unstationary
flows. In fact, these techniques can naturally provide a complete volume description of the
flow, unlike most experimental techniques. In addition, they capture the unstationary, three-
dimensional features of High-Reynolds regimes while requiring reduced computational
resources when compared with Direct Numerical Simulation (DNS). The main drawback
of such reduced-order techniques is the need to introduce turbulence models/wall functions
in the discretized numerical problem. These models are extremely sensitive to their
parametric description and can introduce a bias in the numerical results.

While both experiments and numerical approaches show advantageous features
and drawbacks for the analysis of unsteady flows, both families of tools have to face an
additional challenge to provide an accurate prediction. This difficulty lies in the lack of
knowledge about initial and boundary conditions. High-Reynolds regimes such as the
ones observed in urban settings are extremely sensitive to minimal changes in upstream
conditions, which can govern the instantaneous evolution and be responsible for the
emergence of extreme events. Such realistic features are difficult to be replicated in
an isolated environment such as a wind tunnel for experimental analysis. Numerical
simulation has the potential to take into account these upstream flow details, even if non-
linear interactions of error sources associated with discretization, modelling and boundary
conditions must be well assessed to obtain an accurate prediction. This last difficulty
is critical for scale-resolving methods and in particular for LES. Therefore, even in the
case an exact match of inlet conditions can be established between twin experiments and
numerical simulations, results in terms of bulk flow quantities and statistics of the flow
field may exhibit large discrepancies due to the aforementioned problems.

In the present work, the capabilities of scale resolving numerical methods in terms of
replicating experimental results available are investigated for the analysis of a well known
flow configuration, the Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder
(BARC) (Bruno et al. 2014) for Re = 2 x 10°. This test case is challenging to be analyzed
via scale resolving CFD, because of the interaction of numerous physical aspects that must
be captured and are which difficult to model. For this reason, a high sensitivity of such
models to variations in the numerical set-up is observed (Mariotti et al. 2017; Rocchio
et al. 2020). Within this framework, the hybrid method known as Delayed Detached Eddy
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Simulation (DDES) (Gritskevich et al. 2012) will be improved to reproduce realistic
upstream turbulent flow conditions (Mannini et al. 2017; Pasqualetto et al. 2021). To do
so, a data-driven approach will be used to calibrate CFD inlet conditions to better match
experimental data produced by CSTB in Nantes (Haffner et al. 2023). More generally, the
objective of the present work is to investigate whether data-driven model can efficiently
optimize the parametric description of CFD, creating a strong bridge between experimental
and numerical approaches. This analysis aims to contribute to the identification of needed
guidelines to move forward from simple comparison between experiments and numerics
towards a better understanding of how these approaches can be synergistically integrated.
While the present work focuses on inlet conditions, it must be considered that similar
analyses can be replicated for different parametric descriptions of the CFD model. This
analysis shows complementarity with the work of Lamberti et al. (2018), which used a
gradient-based method to optimize the performance of a synthetic turbulent inlet for
the analysis of an atmospheric boundary layer. The challenging aspect here is to obtain
a suitable optimization when limited data is provided and when the flow configuration
exhibit complexities such as flow separation, recirculation regions and turbulent wakes.
To this purpose, the optimization problem will be performed using the Data Assimilation
technique known as Ensemble Kalman Filter (EnKF) (Bocquet et al. 2016). This tool
efficiently complements non-linear numerical models, such as CFD solvers, for the analysis
of complex flows. In addition, it can handle the optimization of relatively large set of
parameters, which can demand prohibitive computational requirements for techniques such
as the generalized Polynomyal Chaos (gPC), which were previously used for stochastic
analyses for the BARC (Mariotti et al. 2017).

The manuscript is organized as follows. In Sect. 2, an extensive discussion of the test
case is performed and the experimental data available for the present analysis is described.
In Sect. 3, the CFD solvers used in the present analysis are described and the numerical
set-up of the test case is discussed. In Sect. 4, the data-driven technique chosen for this
analysis, the EnKF, is detailed. In Sect. 5, the sensitivity of the numerical simulations
to different parameters, including the behavior of the inlet condition, is investigated. In
Sect. 6, the data-driven technique is used to optimize the inlet boundary conditions. The
results are compared with preliminary CFD runs and the experiments available. In Sect. 7,
conclusions are drawn and future perspectives are discussed.

2 Test Case of Investigation: The Benchmark on the Aerodynamics
of a Rectangular Cylinder (BARC)

The Benchmark on the Aerodynamics of a Rectangular Cylinder with chord-to-depth ratio
equal to 5 (BARC) (Bruno et al. 2014) which started officially in 2008, has the goal to ana-
lyze the aerodynamics of a rectangular bluff body. As mentioned by Bartoli et al. (2009),
the benchmark scope is to contribute to the analysis of separated and turbulent flow around
a fixed rectangular cylinder, to provide useful information for civil engineering appli-
cations, since this kind of geometry is often encountered in urban areas (e.g. long span
bridges decks or high-rise buildings). Since then, this configuration has been extensively
studied both experimentally and numerically (Rocchio et al. 2020; Le et al. 2009; Cimarelli
et al. 2018). A qualitative flow representation and a sketch of the configuration are given in
Fig. 1 with the computational domain used in this study.
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Fig.1 Qualitative representation
of the flow around the rectangu-
lar cylinder for the simulation
DDES-I0-G2. The 4, criterion is
shown to highlight the unstation-
ary features of the flow around
the immersed body
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Despite its simple appearance, this configuration involves complex physical processes
such as boundary layer separation, flow reattachment, recirculation zones, and von Karman
streets, which affect the propagation of acoustic waves and the flow’s structural organiza-
tion, as shown for instance in Le et al. (2009) and Ricciardelli and Marra (2008). There-
fore, the complete representation of these mechanisms and their interactions is crucial to
obtain an accurate prediction for similar cases of industrial and urban interests. One major
challenge in studying this flow configuration via numerical methods is its sensitivity to the
geometric characteristics and boundary conditions, particularly the velocity field imposed
at the inlet. This is especially true for scale-resolving approaches like LES and hybrid
RANS-LES, which are now widely used for analyzing bluff bodies (Minguez et al. 2008;
Hesse and Morgans 2021; Haffner et al. 2022).

2.1 Review of the Analyses in the Literature

Numerical analyses of the BARC have mainly focused on the analysis of the sensitivity
of this test case to variations in the set-up of the problem, in particular for geometric
characteristics and features of turbulence modeling (Bruno et al. 2014). For the latter,
unsteady RANS (URANS), LES and hybrid turbulence models have been tested by
several authors. DNS for relatively low Reynolds numbers have also been proposed in
the literature (Cimarelli et al. 2018; Chiarini and Quadrio 2021) which exhibit significant
discrepancies in the statistical quantities investigated, confirming the difficulty for
numerical approaches to capture the leading physical dynamics for this test case.
URANS studies, such as the one by Mannini et al. (2010), indicate a strong sensitivity
to the choice of the turbulence model. For LES, Timilsina (2015) showed that subgrid-
scale (SGS) modeling can achieve satisfying predictions on drag coefficients and with
a relatively small impact attributed to the closure used, while Rocchio et al. (2020) find
that variations in the parametric choices for the SGS model can be dominant. Mariotti
et al. (2017) performed a stochastic analysis of LES predictions of the flow around the
BARC. The analysis is repeated for two different grid resolutions, which differ in terms
of streamwise and spanwise resolution. The results indicate that for both numerical runs
the most sensitive quantities are those which show the largest dispersion among the
different BARC studies in the literature, such as the Strouhal number calculated with the
lift coefficient and the pressure distribution over the lateral faces of the cylinder. Also,
results obtained with the two grids exhibit remarkable differences, for the recirculation
region for instance. Hybrid approaches have been also used by Mannini et al. (2011)
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which highlight the importance of numerical dissipation introduced by the numerical
schemes. It has been concluded that an excessive amount of dissipation damps out the
turbulent structures directly resolved by the grid used, which are essential to capture the
emergence and interactions of the numerous physical aspects which characterize this
flow.

The analyses in the literature dealing with the sensitivity of the flow to geometric
variations have mainly focused on two aspects. The first one deals with the alignment of the
rectangular cylinder to the direction of the upstream flow. Patruno et al. (2016) investigated
the statistical features of the flow with variations in the angle of attack. The analysis
included large variations of the angle as well as minor variations which could be associated
with uncertainty in the set-up of experiments. The second main topic of investigation
deals with the shape of the edges of the BARC, which traditionally are considered to be
sharp. The study by Rocchio et al. (2020), which consisted of a comparison of LES with
and without edge rounding on the leading edge, indicated a significant discrepancy of the
results. In particular, the length of the recirculation region is strictly connected to this
geometric feature (Chiarini and Quadrio 2022; Mariotti et al. 2024).

The previous discussion highlights the very high sensitivity of the BARC test case
to several parameters governing the set-up. This parameters can be optimized via data-
driven strategies, which are now extensively used in fluid mechanics applications (Brunton
et al. 2020). One recent example of application for the BARC is the usage of multigrid
sequential data assimilation, which have been used to calibrate SGS models for LES by
Moldovan et al. (2022). The results presented for the statistical moments of the velocity
and pressure flow fields, which were obtained for the BARC with Re = 4 X 10* show that
data assimilation techniques based on the Ensemble Kalman Filter are able to improve the
predictive capabilities of the CFD solver for reduced grid resolution. In addition, it has
been observed that, despite the sparse and asymmetric distribution of observation adopted
in the data-driven process, the data augmented results exhibit symmetric statistics and
improved accuracy far from the sensor location.

Experimental studies in wind tunnels for the BARC (Bruno et al. 2014; Le et al. 2009;
Ricciardelli and Marra 2008; Haan and Kareem 2009) also investigate the sensitivity of
the flow to several parameters such as the Reynolds numbers, the shape/inclination of the
rectangular cylinder and the turbulence intensity of the flow upstream. While important
variations of the physical quantities are observed in experiments as well, the discrepancy
with numerical simulation is important and significantly larger than the uncertainty in the
set-up (Bruno et al. 2014). Therefore, comparison of results from different tools does not
shed a light on the governing mechanisms driving interactions between the instantaneous/
statistical features of the flow and the aerodynamic forces at play. A key question about
the sensitivity of the BARC to variations in the set-up is associated with the upstream
conditions of the flow. Experiments can naturally take into account this aspect, which is
usually measured with the empty wind tunnel. However, once the rectangular cylinder is
installed in the test tunnel, the characteristics of the flow are affected by its presence. For
numerical simulations the turbulence intensity can be exactly imposed at the inlet, but it is
usually difficult to be precisely estimated. Mariotti et al. (2016) investigated the sensitivity
of the results to variations in inlet conditions for RANS models. While their results
indicate that the sensitivity was weak, the scope of their analysis was limited to RANS
modeling and the statistical physical quantities associated. It has been shown (Noda and
Nakayama 2003) that inlet conditions for scale resolving simulations, which can account
for instantaneous features of the flow, have the potential to govern the organization of the
flow and to provide a more reliable picture of the sensitivity of the BARC to such aspect.
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2.2 Reference Experiments for the Present Work

The Centre Scientifique et Technique du Bdtiment (CSTB) in Nantes, France, has recently
open a new benchmarch for the BARC (Haffner et al. 2023). The main difference is the
Reynolds number of investigation, which is higher than the previous studies summarized by
Bruno et al. (2014). The researchers in CSTB have performed an experimental campaign
in their Jules Verne wind tunnel, shown in Fig. 2, analyzing the flow features with the
following variations of parameters:

Reynolds number 2 x 10°,3.3 x 10°

Three configurations of the front edges: straight, chamfered and curved.
Angle of attack of the rectangular cylinder: 0, +2, +5 degrees
Turbulence intensity for the upstream flow ~ 1 %, ~ 3.5 %

The configuration considered for the present analysis is the one for Re = 2 X 10°, sharp
front edges, 0° angle of attack and I; =~ 3.5 % inlet turbulence intensity. In this case, the
rectangular cylinder with height D = 0.2 m and length L = 5D, is positioned in the middle
of the wind tunnel whose cross section is 5m X 6 m and its total length is 12 m. The mean
flow is aligned with the streamwise direction x and it is described by a bulk velocity of
U, = 15m - s~!. Measurements for the velocity and the pressure fields are performed.

For the latter, 150 sensors on the cylinder’s surface are used to obtain time-resolved
pressure samples at a frequency of 200 Hz. The velocity field is investigated using a large-
scale Particle Tracking Velocimetry (PTV) on a plane which is normal to the spanwise
direction and of size A, X A, = (2L X L), in order to obtain time-resolved measurement
of the velocity components «, and u,. The frequency of acquisition of the PTV is equal to
6.6 kHz. The size of the first plane presented is large enough to sample the flow under the
rectangular cylinder as well as part of the wake. In addition to the measurements presented
for the flow features, the time history of the lift and drag coefficients is also provided.

3 Numerical Tools

The numerical algorithms used in the present work are now introduced.

Multi-hole probe

Fast Pitot probe

Fig.2 Experimental mock up, wind tunnel and sensor positioning for the CSTB campaign (Haffner et al.
2023)
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3.1 Dynamic Equations and Numerical Solvers

The numerical solvers used in this work rely on Finite-Volume discretization of the
Navier-Stokes equations for incompressible flows and Newtonian fluids. As previously
discussed in the Introduction, the analyses will be performed using coarse grained
approaches based on turbulence/subgrid-scale modeling. Therefore, considering a reduced-
order operator * ,which could represent a RANS average or an LES filtering, the dynamic
equations can be written as:

V-i=0 (1)

%+(ﬁ-V)ﬁ=—Vﬁ+vVZﬁ—V-t, )
where u is the velocity field, p is the pressure (normalized over the density p), v is the
kinematic viscosity and 7, is the tensor representing the effects of the turbulence closure.
This term would be Reynolds stress tensor in the case of RANS approaches, while it would
be the subgrid stress tensor for LES. For eddy-viscosity models (Pope 2000; Sagaut 2005),
the components of this tensor are determined by the spatial gradients of the resolved
velocity field and by the quantity v,, which is referred to as turbulent viscosity. Relying
on the Boussinesq approximation, it is used to take into account the statistical moments of
stresses due to turbulence as a diffusive effect. In this case, the components of the tensor z,
are:

- 1 oii; aﬁj 2
Tt,ij = _th(Sij — §K6U> =-V, a + a + g’C(SU (3)
J l

where S’,-j are the components of the resolved rate of strain tensor, K = 0.5 (T,,Xx + 7t r,’zz)
is the turbulent kinetic energy and 6, is the Kroneker symbol. Several proposals in the
literature for eddy viscosity models provide different expressions for the quantity v,. In the
context of this study, the hybrid RANS-LES method known as Delayed Detached Eddy
Simulations (DDES) will be used (Spalart et al. 2006). This model, which behaves like a
RANS closure in the proximity of the wall and transitions to an LES behavior moving in
free stream turbulent regions, does not require the refinement of wall resolved LES and
DNS at the body surface. Therefore, it has been selected because it can capture the three
dimensional unsteady features of High-Reynolds flows with reasonable computational
costs. A detailed description of the DDES model used in this work is reported in Appendix
A.

Information about the CFD code is now provided. The simulations are performed using
the C++ open-source framework OpenFOAM (Greenshields 2021; Tabor and Baba-
Ahmadi 2010; Meldi et al. 2012; Selma et al. 2014; Constant et al. 2017). In this work,
two flow solvers have been used, which are based on the Simple (Caretto et al. 1973) and
Pimple (Caretto et al. 1973; Issa et al. 1986) algorithms. Both solvers rely on a recursive
procedure, where the velocity field and the pressure gradient are iteratively updated until
convergence. The solver SimpleFOAM is used in this analysis for stationary simulations,
while the PimpleFOAM solver is used for unstationary calculations. For the unstationary
simulations, the time discretization relies on a second-order backward scheme. The time
step is adaptively tuned to obtain a maximum local Courant number equal to 1. The
resulting value is At =~ 5 x 1073 ¢,, where t, = D/U__ is the advection time scale. The time
step exhibits very small variations in time during a full simulation. The space discretization
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is performed using second order schemes. In particular, the advective term is discretized
using a native LUST scheme, which combines with a ratio 75-25% a second-order centered
scheme and a second-order upwind scheme. For the stationary RANS simulation, a first-
order upwind scheme is used for the advective term.

3.2 Numerical Set-up of the Test Case

The physical domain of investigation and the boundary conditions applied are shown in
Fig. 3.

The axis are set so that x represents the streamwise direction, y is the normal direction
and z is the spanwise direction. The resolution of the dynamic system is performed
normalizing the physical quantities over the upstream mean velocity U, and the height of
the rectangular cylinder D. Therefore, the kinematic viscosity for the calculations is set to
v=Re ' =(2x 105)71. The size of the physical domain is now discussed. For the wind
tunnel used at CSTB, the grid is located 27.5 D upstream of the center of the rectangular
cylinder. In the proximity of the grid the flow is still affected by lingering shear production
mechanisms, which are not efficiently taken into account by the inlet boundary condition
used in this analysis. This effect becomes negligible from a distance of 10D up to 20D
downstream the grid, depending on its features (Valente and Vassilicos 2011). For all of
these reasons, we decided to fix the upstream distance of the inlet to 7.5 D. Preliminary
tests using RANS with a steady inlet have shown negligible differences for simulations
using an upstream distance in the range [7.5 D, 17.5 D], assessing the very small variability
of the algorithm for this range. Periodic conditions are imposed on the lateral faces in
the x — y planes, while freestream boundary conditions are applied at the top and bottom
faces on x — z planes. A boundary condition conserving the mass flow rate is applied at
the outlet. The parameters of this specific boundary condition, defined as inletOutlet in
OpenFOAM, have been set so that reverse flow is excluded. For the inlet, two proposals
have been considered. The first one is a classical set-up for which the velocity field is
uniform and equal to U, while a zero-gradient condition is used for the pressure. The
second inlet condition used in the present analysis uses a synthetic turbulence generator
based on the works by Poletto et al. (2013) and Shur et al. (2018). This condition is already
implemented in OpenFOAM and determines the inlet velocity #i as the sum of the bulk
velocity u, = [U,, 0, 0] and a fluctuating velocity u’. The methodology is based on the
concept of synthetic eddies, which are tied with prescribed velocity fluctuations and are
injected on the inlet plane. The eddies are defined by their center and a description of

Fig.3 Set-up and boundary con-
ditions for the BARC test case

42D
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the velocity fluctuations distribution around them. These eddies are randomly generated
at the inlet and advected in the physical domain. This process of random generation is
constrained by physical features of the velocity field that can be imposed by the user, such
as the components of the Reynolds stress tensor and the integral length scale #. From Shur
et al. (2018), the fluctuating velocity field is computed as follows:

N
v(x)=C, Z qo(r* x a) (4)
k=1

where r* = *= i the normalized distance from the eddy center x is a position vector and
x*is the center of the k-th eddy. In addition, the vectors o* and a* represents respectively
the length scales and the intensity of the k-th eddy in each direction. q is a shape function
based on the distance from the eddy centre, whose formulation from Poletto et al. (2013)
ensure divergence-free velocity field. The components of the eddy intensity e and length
scale o are given as following:

% (’lj/"jz) =240}

%=y 26,

. 6, =max (8, ¢/, max (Ax, Ay, A7) ®)

where y is a random integer which can take the value of —1 or 1 with equal probabilities.
The eddy intensity is based on A, namely the eigenvalues of the user-provided Reynolds
stress tensor. It is worth to notice that formulation of e; is similar to an ellipsoid having
the components of the length scale o; as semi-axis, and oriented along the local principal
reference system to reproduce anisotropy. C, is a normalization constant that takes into
account the magnitude of the shape function integral, whose values are suggested by Shur
et al. (2018). Assessing the eddy length scale is not a trivial task. Synthetic Turbulence
Generation (STG) involves a predefined model energy spectrum which comes from the
definition of o,. In the present case, according to Eq. (5), one has to provide a reasonable
estimation on the integral length scale £ and the domain characteristic length scale 6. £ is
balanced by a constant value c, either the von Karman or an user-defined constant.

In the context of hybrid RANS-LES modeling, an algebraic expression is often derived
to approximate this length scale (Guo et al. 2023), although it may not adequately consider
the impact from the flow history and boundary information without explicitly modeling
the transport equation associated with this length scale. This deficiency can potentially
influence the process of emulating synthetic turbulence to match realistic experimental
conditions. In the next section, a Data-Assimilation approach is described with the
objective to overcome this scarcity of details.

4 Data Assimilation - Ensemble Kalman Filter

The technique of Data Assimilation (DA) that will be used to infer the parametric behavior
of the inlet is now introduced. The Kalman Filter (KF), proposed by Kalman (1960),
is a sequential DA tool used to obtain an estimation of the physical variables and/or a set
of parameters of a system at a given time. The estimation relies on multiple sources of
information, which are characterized by a level of uncertainty supposedly known. The classical
version of the KF relies on a set of observations y and a prior state x which is obtained via
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a linear model M. The updated (augmented) state is obtained in an analysis step, where the
discrepancy between model prediction and available observation is used to update the former:

x=x +K(y - HE)) (6)

Here the suffix f refers to the model forecast and the suffix a to the state obtained after
the analysis phase. The projection operator H maps the prediction of the model over the
space where the observation is sampled. Usually, H performs as an interpolator, providing
the model solution in the location of the sensors. The update of the physical state is
governed by the so called Kalman gain matrix K, which is obtained via manipulation of
the error covariance matrix P = [E((x —E@)(x — [E(x))T). The classical KF formulation
is not designed to be used in CFD applications. Navier—Stokes equations include non-
linear terms, therefore, the derivation of a linear model M may imply a significant loss of
accuracy. Secondly, the size of the matrix P is proportional to the number of degrees of
freedom of the model » i.e. number of mesh elements times number of physical variables
considered for CFD. The extensive manipulation of P required to obtain K, including a
matrix inversion, would demand prohibitive computational resources for realistic CFD
applications.

The two critical issues previously mentioned can be mitigated using the Ensemble
Kalman Filter (EnKF) first proposed by Evensen (1994). Within this context, an ensemble
of n, prior states is advanced in time between consecutive analysis phases using a model
M which can be non-linear. Let us assume to consider an analysis phase at the time step k.

A state matrix X, € R™" is constructed, where each column i corresponds to the
physical state of an ensemble member x’: € R". With the EnKEF, the covariance matrix P is
not advanced in time anymore and is obtained via a Monte-Carlo approximation, thus:

P= r{(r{{)T %

where I‘]; € R™" is the state anomaly matrix representing the normalized deviation of the
state vectors from their ensemble means. The i column of the state anomaly matrix is
obtained as:

. _ X
My=——. F="" ®)
’ I’le—l n,

To obtain a well-posed mathematical and numerical problem, an ensemble of n,
observations is obtained through the perturbation of the observation vector available at the
time step k, y, € R™. The result of this perturbation is an observation matrix ¥, € R"->",
The n, columns of the observation matrix are obtained with y;; =y, + ¢, for i € [1,n,].
The added random noise ¢; is described as a Gaussian probability function g; ~ N/ (0, gk),
where g, € R"* is the observation covariance matrix. It is worth to underline that ¢,
should be constructed from the experimental uncertainties, hence, the use of Gaussian
noise to reproduce experimental error is one of the assumption made due to scarcity of
information. However, when this information is not available, the usage of a Gaussian
perturbation is helpful to obtain a robust performance of the global algorithm (Bocquet
et al. 2016). Analogously to what is done for I';, each column i of the anomaly matrix
A, € R"*" is computed. This matrix also takes into account the discrepancy between the
model results and their ensemble average. However, it is defined on the solution space of
the observation, and it relies on the projection operator H:
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HE ) -HE) —— Y HE )
— i,k k i H(XZ) — Et—ln i,k (9)

A
ik
Vi, —1

The Kalman gain matrix K, which measures the correlations between the observations
and the state vector, is obtained as follows:

e

K, :Fi(A{()T[A{((Ak)T+gk]_1 (10)

Finally, the physical state for each ensemble member i is obtained updating the forecast
results with a correction term controlled by the Kalman gain:

X = xlf',k + Ky (yi,k - H(x’;k)) an

The Kalman Filter can be used to augment the state prediction obtained via the model as
well as to optimize its free coefficients. In this way, the discrepancy between the model
prediction and the observations is naturally reduced. Several strategies are presented in the
literature to this purpose, and the model chosen for the present analysis is the extended
state (Bocquet et al. 2016). In this model, the free parameters of the model are organized in
an array 6, which is combined with the state x to obtain an extended state x*:

X

x* = [0] 12)

The EnKF is then resolved for the extended state x*, so that the parameters of the model
are updated with the forecast of the solution. The steps of the stochastic EnKF used in
the present analysis are reported in Algorithm 4.1. One of the critical points which
determines the efficacy of the EnKF is the careful calibration of the uncertainty in the
model and observation. The procedure targets a state that is admissible for both the model
and the observation, therefore the final solution usually converges to a configuration in the
intersection between all the potential solutions of the model and the range of variability
of the observation. For the latter, a global low confidence (and therefore very high
variability) may result in a final state very close to the model prediction, therefore with a
limited increase in accuracy. Optimized values for these uncertainties has been extensively
studied in the literature (see the review article by Tandeo et al. (2020) for a comprehensive
discussion). The uncertainty in the observation is usually calibrated using information
about the analysis techniques used and the acquisition system. For PTV, an estimate of 5 %
error is reasonable, and therefore this quantity has been used to set the uncertainty for the
observation. For deterministic models such as CFD, one way to augment the uncertainty is
to play with the variability of the parameters €, which in this case correspond to the free
coefficients driving the synthetic turbulence inlet. The choices performed for this work are
detailed in Sect. 6.

Despite its proven efficiency in various domains of application (Asch et al. 2016), the
EnKEF relies on a relatively large ensemble of realizations, which can be computationally
expensive for very high-dimensional systems. Reducing the ensemble size can lead to
sampling errors and inaccurate estimate of the state variance, potentially resulting in a
lack of convergence of the algorithm. In addition, the performance of the EnKF is driven
by many hyperparameters that must be carefully selected. Erroneous choices can lead the
parametric inference procedure towards local optimized states, providing a sub-optimal
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result. Nonetheless, due to its robustness and capability to investigate non-linear physics,
a strategy based on the EnKF is the best DA tool to perform the present analysis in the
Authors’ opinion.

Algorithm 1 Algorithm for the stochastic Ensemble Kalman Filter

Input: M, H, ¢;1, and prior states 7 for each ensemble member ¢, where

xlo ~ N (pa, 7).

for k=0 to K —1do
1 Advancement in time of the state vectors between two analysis phases for
each ensemble member i:
w{,k: = M(wl,k)
2 Creation of an observation matrix perturbing the observation with a
Gaussian noise:
Yik = Yp + &, with &; ~ N (0, ¢)

3 Projection of the model solution in the observation space:
4 Calculation of the ensemble means:

— 1 e iy 1 e

Tl =Lyl Hiwe) = 2 0 Hiwir)
5 Calculation of the anomaly matrices:

. = Tk —Tp A — H(m{,k)—?-l(mi)

BT Une—1 TR T T

6 Calculation of the Kalman gain:

-1
K = Fi(Ak)T [Ar(Ap)T + k]
7 Update of the state matrix:
), =l + Ki(yir — Hwp)

5 Assessment of the DDES Model and Sensitivity Analysis

In this chapter, the DDES model used for numerical simulation is validated. In particular,
the accuracy of the results will be tested assessing the sensitivity of the model to variations
in the computational grid as well as to inlet conditions.

5.1 Sensitivity to Grid Refinement

Two DDES runs, referred to as DDES-10-G1 and DDES-10-G2, are performed using
a constant velocity inlet and grids of different resolution. The grids, whose details are
reported in Table 1, are referred to as G1 and G2, respectively, and their resolution in
the proximity of the leading edge is shown in Fig. 4a, b. The main difference between
the two grids is their global resolution, which sums up to 4 million elements and 30 mil-
lion elements. On the other hand, the strategy for the distribution of the mesh elements
is very similar for G1 and G2, and it follows indications of previous CFD works in the
literature (Mariotti et al. 2017; Cimarelli et al. 2018; Rocchio et al. 2020). Owing to
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Table 1 Characteristics of the grids used for the numerical simulations. The size of the elements is pro-
vided in D units

CFD run A* A} A¥ r, r, Ad Al N
Gl 0.01 0.012 0.1 1.012 1.059 0.063 0.016 4% 10°
G2 0.0074 0.009 0.05 1.012 1.015 0.031 0.014 30 x 10°

(c) (d)

Fig.4 Zoom of the grid resolution close to the leading edge (first row) and in the wake region (second
row). Visualizations are proposed for for grids (left column) G1 and (right column) G2

the statistical homogeneity of the flow in the spanwise direction z, the size of the mesh
elements is constant and equal to A* = A /D. In the streamwise direction x and the
normal direction y, the smallest grid elements are in correspondence of the two lead-
ing edges and the two trailing edges. In these locations, the size of the mesh elements
is A* and A;, respectively. Moving away from the edges, the size of the mesh elements
increases following a geometric progression of ratio r, and ry. In the wake region, for
x = 5.5, y = 0 the resolution of the mesh is equal to Aff and A, A qualitative representa-
tion of the resolution in the wake region is shown in figure Fig. 4c, d. In this region, the
ratio v,/v ~ 30-40, which is in line with LES applications for industrial flows (Sagaut
2005) and is significantly smaller than what is classically observed for RANS, for which
v,/v € [100, 1000]. A similar conclusion is drawn by the observation of the blending
parameter f; of the DDES model, which is equal to 1 in the first grid layer at the wall
(full RANS mode) and it decays to zero (full LES mode) within the next two grid layers.
In terms of resolution with respect to the Kolmogorov scale #, dimensional arguments
manipulating the resolved flow field indicate that scales of size &~ 70y are resolved in the
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wake region by the grid G1. These smallest resolved scales are within the inertial range
for the Re investigated, confirming that LES is performed in the wake region.

The results from the simulations DDES-I0-G1 and DDES-I0-G2 are compared with
those obtained by a URANS using the L — @ SST model and a RANS run using the
Spalart—Allmaras model. The grid used for the last two calculations is identical to G1 in the
x and y directions but it is two-dimensional. Isocontours of the time-averaged velocity mag-
nitude are shown in Fig. 6. The four simulations are capturing the main physical aspects of
the flow which include separation at the leading edge, the formation of a recirculation bub-
ble, flow reattachment and evolution of a wake region downstream. However, results from
the RANS calculation indicate a shorter recirculation bubble. The reattachment of the flow
happens here at 65% of the total length L, against 75% for DDES-10-G1, 76% for DDES-
10-G2 and 83% for the URANS X — w SST model. The results for the two DDES runs are
qualitatively in line with experimental observations from CSTB for the same geometry,
Reynolds numbers and low turbulence-intensity upstream conditions. Depending on the
value of the turbulence intensity upstream, experiments show a flow reattachment in the
range 50-80% approximately, with lower turbulence intensity providing larger recircula-
tion bubbles (Bruno et al. 2014). The results obtained with the DDES here performed are
towards the larger values of the experimental range. Considering that the inlet condition
here used does not include any synthetic turbulence model, results obtained for this case,
as it will shown further, are encouraging and constitute a good starting field to initialize
the solution during the sequential Data Assimilation approach. A comprehensive review of
the features of the recirculation bubble is reported in Table 2. One can see that the present
results, such as the coordinate of the average reattachment point of the main structure x,,,,
the coordinates of the center of the main structure x,,,, y,,, are in agreement with results
reported in the literature. The results also include the center of the secondary structure at
the leading edge, x,,, which can be observed on Figs. 5 and 6).

The pressure coefficient C, = 2(p — D)/ ,oUgo is now analyzed. The time average and
the variance of C, at the body surface is shown for the four simulations in Fig. 7, along
with experimental data reported in the literature (Bruno et al. 2014). The variance for the

Table 2 Features of the recirculation bubble observed on the side of the rectangular cylinder. With refer-
ence to Fig. 5, x, is the center of the secondary structure at the leading edge, (xmv, ymv) are the coordinates
of the center of the main structure and x,, is the coordinate of the average reattachment point of the main
structure

Simulation Re Xy (Knys Ymy) Xenr

Low turbulent intensity

DDES-10-G1 2% 10° -2.29  (-0.45,0.72) 1.23
Mannini et al. (2011) 2.64x 104 — ([-1.44/ - 0.05], [0.77/0.88]) 1.72-2.06
Grozescu et al. (2011) 2x 104 - (-0.17, [0.35/0.82]) 1.64
Bruno et al. (2010) 4x10* - (0.04, 0.8) 2.18
High turbulent intensity

DDES-I1-G1, I; =3.53% 2x10° -23 (—1.47, 0.75) 0.52
DDES-DA-G1, I; =0.75% 2x10° -2.19  (-1.15,0.75) 0.52
CSTB Experiments, I =3.53% 2% 105 - (-=1.2, 0.76) 0.18
Riccietal. (2017), I; =29% 5x10* - (—0.63, 0.81) 0.98
Riccietal. (2017), I; =13.6% 5x 104 - (-1.35, 0.72) -0.2
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Fig.5 Time averaged velocity 1.0 T
profile and streamlines in the ) ) H
.. . . 0.5 Main Vortex
proximity of the immersed cylin- i 0.935D 2.605D /A:v/‘ﬁ/c‘r‘n‘/EL
der for DDES-I0-G1 case 0.0 A
s —0.5 = ! p—r
—
i

—+— DDES-I0-G1 —o— Experiments

(a) (b)
(©) (@)
[al|

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Fig.6 Isocontours of the time-averaged velocity magnitude ||ii||. Results are shown for the simulations a
DDES-10-G1, b DDES-10-G2, ¢ a RANS calculation using the Spalart-Allmaras model and d an URANS
calculation using the L — @ SST model

RANS calculation is not available, as a steady-state simulation was performed. One can see
again that a significant discrepancy is observed between the RANS and the DDES simu-
lations for the time-averaged C,. Differences are observed for the URANS simulation as
well, even if they fit within the region of experiments reported in the literature (orange
area). On the other hand, runs DDES-10-G1 and DDES-I0-G2 exhibit very similar results
and they also compare well with experimental results in the literature. The peak of the vari-
ance of C, is observed for a streamwise position of ~ 65-75% L i.e. around 10% before than
the flow re-attachment. This result is consistent with experiments and numerical simula-
tions in the literature (Bruno et al. 2014; Rocchio et al. 2020). However, it appears that the
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—o— DDES-I0-G1
—0— DDES-10-G2

(b)

—0— RANS
—o— URANS
Bruno et al. 2014, Wind Tunnel data

Fig.7 Pressure coefficient C, at the body surface. a Time-averaged and spanwise-averaged distributions for

a C, and b the variance o are shown
»

URANS simulation exhibit a significantly larger variance for C, in correspondence of the
recirculation bubble, when compared with the DDES runs.

The bulk flow quantities (drag coefficient C), lift coefficient C;, Strouhal number Str)
obtained using the DDES simulations are now compared with results reported in the litera-
ture. Data is provided in Table 3. One can see that the results here obtained with the runs
DDES-I0-G1 and DDES-I0-G2 are extremely similar to the data reported in the literature

Table 3 Comparison of the main bulk flow quantities for low turbulent intensity and high turbulent inten-

sity

Cp S c St
Low turbulent intensity
DDES-10-G1 1.02 0.024 0.018 0.22 ~0.12
DDES-10-G2 1.02 0.026  0.040 0.21 ~0.12
Bruno et al. (2010) ~1 - - ~ 0.7 ~0.11
Mannini et al. (2011) [0.968,1.04] - [0.0032,0.047] [0.42,1.075] [0.094,0.102]
Arslan et al. (2011) [0.984,1.39] - - [0.59,0.84] [0.107,0.16]
Wei et al. (2011) [1.165,1.305] - [-0.33,0.42] [0.495,1.465] -
High turbulent intensity
DDES-11-G1, I =3.53% 1.25 1.71  0.016 16.73 -
DDES-DA-G1, I; =0.75% 1.21 036  —0.044 3.39 -
Riccietal. (2017), I; =29%  0.99 0.042 —-0.07 0.55 -
Riccietal. (2017), I; =13.6% 1.105 0.145 -0.09 1.42 -
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Table 4 Position of the sensors

DDES-10-G1 DDES-10-G2
used to perform the Morlet S-10-G S10-G
transform of the velocity field _ _
obtained via DDES Probe (1) (—2.374,0.628)  Probe (1) (—2.374, 0.616)
Probe (2) (—1.874,0.808)  Probe (2) (—1.874, 0.787)
Probe (3) (—1.374,0.915)  Probe (3) (—1.374, 0.903)
Probe (4) (—0.873,1.011)  Probe (4) (—0.873, 0.999)
Probe (5) (—0.373, 1.05) Probe (5) (—0.373, 1.053)
Probe (6) (0.128, 1.129) Probe (6) (0.128, 1.085)
Probe (7) (0.628, 1.172) Probe (7) (0.628, 1.120)
Fig. 8 Position of the sensors 6 m .
used to perform the spectral 1.2 (5) g o‘r"" :,
analysis of the velocity field (4) * e = -
obtained via DDES. Empty 1.01 (3) e
circles represent DDES-10-G1 = 2) e e -
probes positioning, full circles ] e
represent DDES-I0-G2 probes 0.8 (1) /‘“"g """"" DDES-10-G1
positioning A R B DDES-10-G2
0.61 5
—2 -1 0 1
x

for low intensity of the upstream turbulence, despite a significant difference in the Reyn-
olds number.

At last, features of the instantaneous flow are analyzed. Time resolved velocity for the
runs DDES-I0-G1 and DDES-10-G2 is sampled in correspondence of 7 sensors. These sen-
sors are located on the outer limit of the detaching shear layer i.e. where the mean velocity
exhibits its maximum (see the procedure used in Rocchio et al. (2020); Moldovan et al.
(2022)). The sensors locations are listed in Table 4. Figure 8 shows the detaching layers
for runs DDES-10-G1 and DDES-I0-G2. This sampled field is used to obtain spectra via
a Morlet transform. The spectra, which are shown in Fig. 9, again exhibit minimal differ-
ences. One can see that a peak for the spectrum obtained for the first probe with x < =2 is
clearly observed for St ~ 1, where St is the Strouhal number. This peak, which is associated
with the frequency of Kelvin—Helmbholtz instabilities, has also been observed in LES runs
(Rocchio et al. 2020).

In summary, the DDES simulations provide a very similar prediction, which appears
to be significantly improved when compared with the RANS calculation. For all of these
reasons, the grid G1 is chosen to perform the simulations for the present work.

5.2 Sensitivity to the Inlet Conditions

A third numerical simulation, referred to as DDES-I1-Gl1, is run using the synthetic
turbulence inlet presented in Sect. 3.2. The values of the eight coefficients are selected
according to the experiments performed at CSTB. More precisely, the components of
the Reynolds stress tensor 7, ; and the integral length scale ¢ are set according to meas-
urements performed in the free wind tunnel i.e. before the rectangular cylinder was
installed. The parameter 6, which is related to the mesh size in the proximity of the
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Strouhal (St) Strouhal (St)
(a) (b)

Fig.9 Spectra obtained via Morlet transform for simulations a DDES-I0-G1 and b DDES-I0-G2. Results
from different sensors are shown using an offset to improve the clarity of the representation

boundary condition, is set to an average value of 0.0922. The values for the eight param-
eters are summarized in line two of table Table 5. A preliminary simulation has been
performed to check the flow obtained using the synthetic turbulence inlet condition.
Similarly to what done at CSTB, this run uses the grid G1 but the rectangular cylinder is
not immersed i.e. additional mesh elements are included in its place. The results shown
in Fig. 10, where the isocontours of the A, criterion are shown, clearly indicate that
turbulent structures are advected from the inlet in the physical domain. The rectangular
cylinder in the figure is included for reference to establish comparisons with the size of
the turbulent structures. However, as previously stated, it is not taken into account in the
simulation.

Results from the numerical simulations DDES-10-G1 and DDES-I1-G1 are compared
with the experimental results obtained at the wind tunnel of CSTB. Isocontours of the
velocity magnitude are shown in Fig. 11 and the size of the recirculation region is shown in
Fig. 12. One can see significant discrepancies between numerical and experimental results
and in particular both numerical simulations do not provide an accurate representation of
the recirculation bubble. This result was expected for the simulation with the classical,
zero turbulence intensity inlet. However, one can see that the usage of the numerical val-
ues in Table 5 with the synthetic turbulent inlet implemented in OpenFOAM produces a
higher level of turbulence intensity than expected. This result likely comes from a complex
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Fig. 10 Instantaneous A, crite-
rion isocontours using the turbu-
lent synthetic inlet over an empty
domain. The rectangular cylinder
is indicated for reference

(c)

Fig. 11 Isocontours of the time-averaged velocity magnitude ||ii||. Results are shown for the simulations a

DDES-I0-G1, b DDES-I11-G1 and ¢ CSTB experiments

Fig. 12 Recirculation region
at the top of the rectangular
cylinder
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interplay between the modeling / test case choices performed for this analysis. The exact
nature of this interaction remains unclear and requires further investigation. A minor effect
could also be associated with uncertainties in the experimental measurements. One can
also see that both numerical simulations develop a secondary bubble at the leading edge.
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This result, which is not observed in the experiments, is actually pretty common in scale
resolved numerical simulation for this test case (Bruno et al. 2014).

Similar conclusions can be drawn via the analysis of the time-averaged C, and its vari-
ance, which are shown in Fig. 13. Significant discrepancies are observed for the distribu-
tion of the mean pressure coefficient. In addition, the magnitude of the variance of the
pressure for the simulation DDES-I1-G1 is approximately four times larger than the experi-
mental results. This observation is partially due to extreme peaks of the pressure that are
locally observed. These peaks are most likely induced by the interaction of the numerical
solver, the zero-gradient boundary condition at the wall and the unsteady behavior pro-
duced by the inlet. Some corrections have been proposed in the literature to mitigate this
effect (Patruno and de Miranda 2020) which, however, are not implemented in the avail-
able version of OpenFOAM. However, results in Fig. 13b are filtered to exclude the larger
peaks numerically observed. Therefore, one could argue that the distribution shown is
mainly associated with the inlet boundary condition used for simulation DDES-I1-G1. The
red line indicating the variance of the simulation DDES-10-G1 is significantly lower than
the experimental reference, in particular close to the leading edge. This result indicates that
the classical inlet used for this simulation fails to capture phenomena at play close to the
separation due to the sharp edges.

The analysis of the physical features of the recirculation bubble, which are reported
in Table 2, confirms previous findings. The conclusions here drawn are consistent with
findings in the literature (Bruno et al. 2010, 2012) which indicate that a shorter recircula-
tion bubble is observed for higher levels of upstream turbulence intensity. When compar-
ing present results with the ones by Ricci et al. (2017), one may think that a significant

—02 /“A%@é 0.61
o4 o 0.51
06 o 0.4
& . S 0.3]
os 0.3
T 0.21 " .

—-1.0

3 EjIm:DD = (a}
9] mEhg 0.19 ﬂ

| | | 0.01 I I I
-2 0 2 -2 0 2

T x

(a) (b)
—— DDES-I0-G1 o Experiments
DDES-11-G1 Exp. range

Fig. 13 Features of the pressure field at the top wall. Distributions of a the time-averaged pressure coeffi-
cient C, and b its variance are shown. Numerical results obtained from the DDES simulations are compared
with experimental data
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discrepancy is visible considering that the latter are obtained at a significantly higher inlet
turbulent intensity. This discrepancy is actually a result of the position of the inlet, which
is significantly more upstream (80D) in the work by Ricci et al. (2017). When transported
downstream from the inlet, the turbulent kinetic energy K = 0.5(,, + Tyyy + 7,..) and the
integral length scale / evolve following a power law (Valente and Vassilicos 2011):

K ~ K )(1 + x_x")nK 1) ~ I )<1 + x_x°>nl

x) ~ K(x 1) x) =~ 1(x, 1) (13)
where x, is a virtual origin, ne € [-1.44, —1] and n; € [0.28, 0.5] (Meldi et al. 2011).
Therefore, a direct comparison using the turbulent intensity at the inlet would bring wrong
conclusions in this case.

The analysis of the bulkflow quantities in Table 3 indicates that for higher upstream
turbulence intensity the mean value of C;, increases with the standard deviation for both
Cp and C;. This result is consistent with the other works reported in the literature. In addi-
tion, present simulations seem to indicate that a characteristic Strouhal is not unabiguously
identified anymore with the analysis of the time evolution of the lift coefficient C;. For the
present analysis this is probably due to the characteristic turnover time of the upstream
turbulence, which is significantly faster than the dynamic wake instability observed for low
upstream turbulent intensity. This feature can be qualitatively observed in Fig. 14, where
the time history for Cj, and C,; are reported for the runs DDES-10-G1 and DDES-I11-G1.
For the former, the governing dynamic instability can be clearly observed in the evolution
of C;, while for the latter the signal is significantly more noisy due to the complex multi-
scale interaction at play in this case.

In summary, present results indicate that the usage of a synthetic turbulence inlet condition
significantly affect the flow organization, and it can have the potential to produce accurate
results in comparison with the experiments. However, the parametric set-up of such inlet can

Fig. 14 Drag and lift coefficient ) ISV NP NN P RNP U .SV
Cp, C, for a DDES-I0-G1 and b
DDES-11-G1 q 05
L)’ )
N
© 00
—0.5
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<)
é 0
—50
50 1G] 100 125 150
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not be directly extrapolated from the data sampled in the wind tunnels, because of strong non-
linear interactions between several sources of error present in the CFD solver. In the following,
a data-driven procedure will be used to calibrate the value of the model constants, in order to
minimize the discrepancy observed with experiments.

6 Data-driven Augmentation of Inlet Boundary Conditions

Discussion in Sect. 5.2 highlighted the numerical difficulties in obtaining an accurate inlet
condition and how this affects the comparison with experimental data. In this section, an
EnKF approach is used to blindly optimize the parametric description of the synthetic tur-
bulence inlet used in OpenFOAM in order to reduce the discrepancy between numerical and
experimental results.

6.1 Selection of the EnKF Hyperparameters and DA Experiment
The EnKF relies on two main sources of information:

e A model, which provides a quasi-continuous description of the flow configuration
investigated. The model chosen for the present investigation is the DDES CFD solver,
which calculates the instantaneous evolution of the velocity and pressure fields.

e Some observation, which is usually high-fidelity data sparse in space and time. In this
case, experimental results from CSTB are used. These results are obtained from 451
sensors which are positioned on the PTV plane normal to the spanwise direction z. The
positioning of the sensors is shown in Fig. 15. On this location, the time-averaged values
of the streamwise velocity i, and the normal velocity i, are sampled.

One can see that the CFD model and the experimental observation are different in nature i.e.
the model prediction provides instantaneous information while experimental results are time-
averaged. Therefore, the DA strategy must be adapted to take into account this difference. The
algorithm is organized in five different steps:

(o) The n, =30 DDES calculations which constitute the numerical ensemble used in
the EnKF are initialized with random values for the parametric description of the
inlet. These parameters include the six component 7, ; of the Reynolds stress tensor
at the inlet, as well as the integral length scale £ and the mesh characteristic length 6.
These last two parameters are used to determine the length scale ¢; in Eq. (5). Using
the formalism of Data Assimilation, the free coefficients are arranged in an array 6:

Tt xx

L I

T xy
Tixz

Tiyz

The random values for each of the coefficients of @ and for each of the simulations is
determined via sampling of a truncated Gaussian probability density function
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./\/(,ugl_,g;_). u and ¢ are the average and the standard deviation provided for each
parametér 0,. These parameters, which are reported in Table 6, have been chosen tak-
ing into account the experimental results provided by CSTB and after a careful inves-
tigation of the preliminary CFD results. The choice of the prior values for the para-
metric description is important to obtain a fast and robust convergence of the EnKF
optimization (Villanueva et al. 2024). Values for the parameters are accepted within
the range [u — 2¢, p + 2¢] and are re-sampled if they lay outside the prescribed inter-
val. The instantaneous physical state for # = 0 is the same for all the ensemble mem-
bers and it is obtained by a preliminary DDES run with the mean parameters y in
Table 6.

@) The n, DDES simulations are run for a total of # = 25¢, times, where the advection
time scale is t, = D/U.. This time window is divided into two phases. Fort < 10¢,,
no average is performed as the effects of the inlet parametric description are
advected in the domain. The threshold 10¢, has been chosen observing the results
of prior runs, for which aerodynamic coefficients would stabilize after 5S¢, to 71¢,.
The evolution during this transient of the drag coefficient Cp, is shown in Fig. 16a
for one ensemble member. The size of this initial time window is associated with the
distance of the inlet to the rectangular cylinder. In fact the turbulent structures at the
inlet, whose size is / &~ 1in D units, reach the immersed body for t = 5 ¢,. Increasing
the upstream distance of the inlet would have resulted in an increase of the compu-
tational resources demanded in this case for this transient phase. In the second phase
forr € [10,25] t,, averages are performed in time and in the spanwise direction. This
interval, which corresponds to the advection of approximately 15 turbulent struc-
tures through the body, has been chosen observing the behavior of a preliminary run.
The rate of convergence of the averaged velocity field is measured via the quantity

eyt=ity) = //S

whose evolution in time is shown in Fig. 16b. This indicator measures the discrep-
ancy between the averaged flow field at the time ¢ = i ¢, and the converged solution
for t = 400 ¢, over the observation region S,. One can see that for r = 25 ¢, the value
of €55 = 0.02 i.e. the average lack of convergence for the mean velocity field over this
time window is roughly of the same order of magnitude of the uncertainty in experi-
mental results. One can also see that for r = 10¢, the spanwise average over 50 grid
elements of an instantaneous snapshot produces a mean field with an average 0.07
discrepancy over the observation window. This phase corresponds to the forecast of
the EnKF.

(i)  After the forecast is performed, the mean velocity field for each ensemble member i
is post-processed to obtain H(x'; ) i.e. the velocity field is interpolated over the sen-
sors where experimental observation is available. Because of the homogeneity in the
spanwise direction, only the components in the streamwise direction &, in the nor-
mal direction ﬂ_y are interpolated. Therefore, the vector including the model informa-
tion used for DA for the ensemble member i is:

Hx) = (7, - &, &, o B, ) €R™ (15)

n
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Fig. 15 Position of the sensors
used to sample the experimental
data. The sensors are shown with
the velocity magnitude obtained
by one of the DDES ensemble

members
0.061
2 4
) &0.041
O 4
0.021
0 5 10 10 15 20 25
ta ta
(a) (b)

Fig. 16 a Evolution of C, for one ensemble member of the EnKF in the initial time window [0, 10]z,. b
Convergence of the mean velocity profiles in the time window [10, 25]z,

(iii)

(iv)

where the number of sensors is n, = 451. The complete matrix used for ensemble
approximation is H(x) € R%2%30_ The position of the sensors over the average veloc-
ity magnitude of one of the ensemble members is shown in Fig. 15.

The other numerical ingredients used in the EnKF are assembled. The observation
vector, which is composed by the time-averaged velocity field sampled over the sen-
sors from the experiments, is perturbed adding a Gaussian noise N(0, ¢y), where
¢, accounts for the estimated 5% uncertainty over the experimental data. Using the
classical hypothesis that observation from different sensors is not correlated (Boc-
quet et al. 2016), the additive noise is used to obtain n, observation vectors which are
combined in the observation matrix Y*°**°. The physical state obtained via model
realizations is also used to calculate the anomaly matrices according to Eq. (8). All
these numerical elements are combined to obtain the Kalman gain K using Eq. (10).
The analysis phase takes place, where the augmented state x? for each ensemble
member i is obtained with Eq. (11) from its forecast xf the Kalman gain K and the
discrepancy between experiments and model predlctlon The latter is measured via
the difference of the i column of ¥ and H(x). The physical state correction obtained
via DA, which is derived for a steady configuration, is discarded. On the other hand,
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(iv)

Fig. 17 Recursive procedure for the optimization of the coefficient of the inlet boundary condition based on
the EnKF

the EnKF update to the parameters is conserved. However, in order to avoid spurious
oscillations of the coefficients which can be produced by the Kalman update for the
analysis of strongly unsteady configurations (Villanueva et al. 2023), the maximum/
minimum value accepted for the following forecast are truncated to the extremes
of the previous parametric range. In order to obtain a sufficient variability of the
ensemble, the parameters are then inflated using the same variance that was used
for the prior state. Once the parameters are updated, the new forecast is ready to be
submitted without any change of the initial conditions for bulk velocity and pressure.

This algorithm, which is exemplified in the scheme in Fig. 17, has been here repeated for
three complete cycles i.e. three forecasts and three analyses. At the end of the last forecast,
the member exhibiting the lowest discrepancy with the experiments, in terms of features of
the recirculation bubble, has been selected. A full run has been performed for this mem-
ber for a total of 300¢,. The results obtained with this optimized DDES run, which will
be referred to as DDES-DA-G1 in the following, are going to be compared with simula-
tion DDES-10-G1, DDES-I1-G1 and the experiments from CSTB. It is important to stress
the general impact that DA strategies can have on numerical studies in fluid mechanics and
therefore the importance of deriving clear guidelines of application. While DA is here used
to infer the behavior of upstream inlet conditions, these findings are more generally impor-
tant to identify efficient practices for these techniques for a broad range of investigations.

6.2 Results

The physical prediction of the flow obtained with the DA algorithm is now analysed.
First, the isocontours of the velocity magnitude are presented in Fig. 18 along with
the experimental results from CSTB. Here, the PTV results are not complete around
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(a)
)

(c

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Fig. 18 Isocontours of the time-averaged velocity magnitude ||i||. Results are shown for a the simulation
DDES-10-G1, b experimental data from CSTB’s wind tunnel ¢ the simulation DDES-11-G1 and d the simu-
lation DDES-DA-G1

the body surface, in particular close to the stagnation point at the leading edge, and
it should not be interpreted as a different geometric shape. One can see that the data-
driven run DDES-DA-G1 convincingly captures the flow topology like the prior simula-
tions DDES-10-G1 and DDES-11-G1. However, the flow features in the proximity of the
recirculation region appear to be in better agreement with the experimental data. This
qualitative analysis is supported by the investigation of the velocity profiles over the
surface of the cylinder which is reported in Fig. 19. One can see that the results obtained
by the run DDES-DA-G1 exhibit an excellent agreement with experimental data, while
large discrepancies are observed for simulations DDES-I0-G1 and DDES-I1-G1.

i,; [m . s’l}

2.0

15

0.5

-2.5 -1.

o

—— DDES-10-G1 —— DDES-11-G1 —o—  Experiments —— DDES-DA-G1

Fig. 19 Distribution of the time averaged streamwise velocity L"c_x over the surface of the cylinder. Numerical
results for the runs DDES-I0-G1, DDES-I1-G1 and DDES-DA-G1 are compared with experiments from CSTB
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Fig.20 Size of the recircula- 1.0
tion bubble for the numerical 2— | DDES-I0-G1

. . . DDES-11-G1
simulations performed, which are oo

. . . —{— Xperunents
compared with available experi- 0.81 DSESD —-—
mental results =
0.61
-2 —1 0 1 2
x

Further confirmation is obtained by the analysis of the size of the recirculation bub-
ble, which is shown in Fig. 20. The curve obtained by the simulation DDES-DA-G1
almost exactly superposes with the experimental data with a significant improvement
in the accuracy when compared with the two DDES preliminary simulations. Further
analysis on this point is provided in Fig. 21, where the streamlines of the time-averaged
velocity field are shown for the simulation DDES-11-G1 and DDES-DA-G1. One can
see that the increase of the main recirculation region obtained with the parametric opti-
mization comes with the increase in size of a secondary recirculation region, which is
observed at the leading edge. This result is responsible for a small degradation of the
results in the near wall prediction for x € [-2.5, —1], even if a global improvement is
observed.

The features of the pressure field on the top wall of the rectangular cylinder are now
analysed. These quantities are of particular interest, because experimental results are
available but not used as available information for the DA analysis step. Therefore, this
comparison can highlight the global improvement in accuracy of the data-driven method.

The time-averaged C, and its variance oz are shown in Fig. 22. The blue shaded area

corresponds to the variability of the solutiopn of the DA final forecast, with the simulation
DDES-DA-GI1 in dark blue. On the other hand, the green shaded area corresponds to the
confidence in the local experimental measurements. One can see that the prediction of C,
for the DA model, shown in Fig. 22a, exhibits a lower discrepancy with experimental data
when compared with prior DDES runs. In addition, one can see a good superposition of
the experimental and data-driven shaded areas, which indicates that the application of the
EnKF was robust. Similarly to the time-averaged Z‘p, the variance g, for the DDES-DA-G1

run shows closer values to the experiments. The DA run, again represented in dark blue, is
in very good agreement with the experimental data from approximately the re-attachment
point of the recirculation bubble to the trailing edge. In the recirculation bubble region, o

14

is significantly higher than the experiments, but still provides the lower normalized
discrepancy for the three numerical simulations performed. This discrepancy can be again
qualitatively associated with peaks of the pressure field which results from the interaction
of boundary conditions and the numerical solvers. Contrarily to simulation DDES-11-G1,
the filtering of the results affects the DA profile for around 2-3% of the magnitude,
indicating that this issue is not the main mechanism at play for the determination of the
pressure variance for the run DDES-DA-G1.

At last, second-order statistics are analyzed. The shear component of the Reynolds stress
tensor 7, ,, is shown in Fig. 23. As for the pressure field, experimental results for this quan-
tity are available but they were not used in the optimization process. One can see that none
of the simulations is able to capture the high intensity turbulent shear close to the leading
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Fig.21 Comparison of time LO T Tomp
averaged velocity profiles and o
streamlines along the cylinder
length. Simulations a DDES-
I1-G1 and b DDES-DA-GI are
shown

Main Vortex

Recireul Main Vortex
0 2.387D

0.0

S —0.5

DDES-11-G1 —o— DDES-DA-G1 —o—  Experiments

(a) (b)

—— DDES-10-G1 o Experiments —o— Forecast’s average —— DDES-DA-G1
DDES-11-G1 Exp. range Forecast’s range

Fig.22 Features of the pressure field at the top wall. Distributions of a the time-averaged pressure coeffi-
cient C, and b its variance are shown. Numerical results obtained from the DDES simulations are compared
with experimental data and the optimized DA run
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(c) (d)
Tt,zy
006 004 002 0 002  0.04 0.6

b

Fig.23 Shear component 7, ., of the Reynolds stress tensor. Results are shown for a run DDES-10-G1, b the
experimental data, ¢ run DDES-11-G1 and d run DDES-DA-G1

edge which is observed in the experiments. This problematic aspect, which is tied to the
mesh resolution and the interaction of the discretization error with the turbulence model,
is probably among the governing elements in the difficulty observed to match experimental
data. The worst numerical results for this quantity are obtained for the simulation DDES-
10-G1, which globally produces very little turbulent shear in the separation region of the
leading edge. This is probably due to the features of the inlet used, to which no synthetic
turbulence was added. A confirmation can be found observing the profiles for the simula-
tion DDES-I1-G1 in Fig. 23c. In this case 7,,, is also underpredicted in the proximity of
the leading edge, but it rapidly increases and largely exceeds the experimental prediction
at around one-third of the length. Again, the DA results in Fig. 23d appear to be the clos-
est to the experiments. Despite the underprediction at the leading edge, the distribution
and intensity of 7,,, are very similar to the experimental reference. Overall, DA results
exhibit as expected a significant improvement in accuracy for all the physical quantities
investigated, when compared with the preliminary DDES runs. This result confirms that
the usage of a model based on the Navier—Stokes equations within the DA formalism pro-
vides an optimization for all the physical variables even if the data sampled is restricted to
some observable quantities.

Similar conclusions can be drawn by the analysis of the profiles of m /Uy, reported
in Fig. 24. Again, results for the run DDES-DA-G1 exhibit the best agreement with experi-
ments, even if the latter exhibit convergence issues in the proximity of the wall for y < 0.7.

In summary, the application of the EnKF to this case was able to obtain a suitable para-
metric description of the inlet, which results in a good agreement between numerical and
experimental data. Looking at the optimized inlet coefficients reported in Table 5, one can
draw a number of conclusions. The physical and numerical length scales / and § were not
dramatically modified by the optimization process, with variations of the order of 20-50%.

@ Springer



884 Flow, Turbulence and Combustion (2024) 113:853-889

V) Use [=]

0 100

0.5

o
o
o
o
o
o

—— DDES-10-G1 DDES-11-G1 —o—  Experiments —— DDES-DA-G1

Fig. 24 Distribution of /7, /U, over the surface of the cylinder. Numerical results for the runs DDES-

1,xx

10-G1, DDES-I1-G1 and DDES-DA-G1 are compared with experiments from CSTB

However, one can see that values for the diagonal components of the Reynolds stress tensor
have been reduced of around 20 times when compared with the experiments. One possible
reason for this result is connected with resolved turbulent dissipation. This quantity, which
is proportional to the intensity of the resolved velocity gradients, is significantly decreased
by the mesh coarsening used in hybrid CFD and it is probably not sufficiently compensated
upstream by the SGS closure. This implies that, in order to obtain similar features of the
flow, the energy of the structures injected at the inlet must be scaled to balance this issue.
Also, a visible departure from isotropy is observed, considering that the component 7, ,
is almost 50% larger than 7, ,, and 7, .. One could argue that this observation may be con-
nected with the size of the grid elements in the z direction, which are more coarse than the
dimensions in the x and y directions in the proximity of the body and in the wake area.

7 Conclusion

The predictive capabilities of the hybrid CFD method Delayed Detached Eddy Simulation,
here used for the simulation of the BARC test case, have been improved via a data-driven
technique relying on Data Assimilation. More precisely, the parametric description of a syn-
thetic turbulent inlet condition has been optimized to reduce the discrepancy with available
experimental data. A total of eight parameters have been updated, six of them representing
the components of the Reynolds stress tensor while the other two are related to physical /
numerical length scales. The EnKF algorithm has been adapted to bridge the available exper-
imental observation, which consists of time-averaged features of the velocity field, and the
model prediction, whose fields are intrinsically unstationary. The results obtained show that
the optimization of the inlet improves the accuracy of the quantities observed in the DA pro-
cess, such as the velocity field, but also of the other variables, such as the pressure coefficient
at the wall and the shear component of the Reynolds stress tensor. All of these results suggest
that data-driven approaches can obtain a more realistic representation of the boundary condi-
tions in CFD problems, as also shown by Lamberti et al. (2018) for the atmospheric boundary
layer. In a more general context, DA techniques are showing potential to create solid bridges
between experimental and numerical realizations and they open perspectives of application
to several fields of investigation dealing with complex flows. The main constraints that affect
the methodology used in the present work are associated with the limits in the optimization
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process. In fact, the number of parameters that can be manipulated is tied with the number of
ensemble members available. Advancement on this topic is currently investigated by the team
relaying on multilevel / multifidelity approaches (Moldovan et al. 2022, 2022), penalization of
the parametric space (Hou et al. 2021) and joint application of EnKF with machine learning
(Brajard et al. 2021).

Appendix A DDES model details

In DDES, the turbulent viscosity v, is obtained via an algebraic relation with a newly
introduced quantity, the viscosity-like variable v:

Vi =V (16)
with:
3 .
I S _V
S e r=7: (17)

C,, 1s a constant to be provided by the user. The variable v is obtained resolving a transport
equation, like in classical one-equation eddy viscosity models:

Production  Diffusion  Destruction

. ~ = =
Travww="p + 1 - 1o
where:
Py = Cyill = f18V (19)
T = %(v v+ D)V + Cp Vi) 20)
C v g
Dv‘ = |:Cw1fw - %ﬁZ] (Z) @b

One can see that Egs. (19)-(21) are governed by a number of free coefficients
(Cy15 Cpys C,p, 0), physical parameters (von Karmédn constant x) and functions (f,,, f,,)
which can be chosen or modified by the user. In particular, the terms S and d determine
the production and destruction terms of Eq. (18). S is obtained by a series of algebraic
equations, which include new model coefficients to be selected:
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Table 7 Values chosen for the model constants for the DDES closure used in the present analysis. These
values are the ones provided as default in the implementation of the code

o Cpi Cp K Cy Cy» Cs Cy Cy Cp Cs Cy
2/3 0.1355 0.622 0.41 3.2391 0.3 2 7.1 1 2 1.1 2
: v X
S=S+——f,, o=1-—1
K'zdzf;z ﬁZ 1 + X
s=Jaww.  w= L2 %
B A 7 2\ox  ox
e 1/6 (22)
3
fa=Caexp(=Cur®).  fu=8|—7c
g+ C
w3
- 6 _ __ Vv
g=r+C,( —r1), r= REYE

The definition used for the parameter d, which represents a characteristic length, is
intrinsically associated with the hybrid RANS-LES chosen technique. In the context of the
DDES model, d is defined as:

d=d - fymax (0,d — CpgsA) (23)

where d is the distance from the closest wall, Cppg = 0.65 and A = max (Ax, Ay, Az). In
addition:

v, +v

242 - max (1 /(Vid) - (Vi), 10—10) (24)

The algebraic expression for d provided in Eq. (23) can blend the model behavior between
full RANS and full LES modes. In particular, a dominant RANS behavior will be obtained
in proximity of the wall. Increasing the wall distance d, ry — 0 and therefore f; — 1. In
these conditions, a dominant LES behavior is observed. Moreover, one can see that d is
not exclusively grid-dependent, as r; exhibits an explicit dependence to @, v, and v. This
choice alleviates some constraints about grid-dependency of the solution, even if a grid
sensitivity analysis is always recommended. For sake of completeness, the value of the
model constants are reported in Table 7.

fizl —tanh((S-rd)3); rg=
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