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Abstract.

The high-Reynolds number flow around a rectangular cylinder, having streamwise to
crossflow length ratio equal to 5 is analyzed in the present paper. The flow is characterized
by shear-layer separation from the upstream edges. Vortical structures of different size form
from the roll-up of these shear layers, move downstream and interact with the classical vortex
shedding further downstream in the wake. The corresponding mean flow is characterized
by a recirculation region along the lateral surface of the cylinder, ending by mean flow
reattachment close to the trailing edge. The mean flow features on the cylinder side have
been shown to be highly sensitive to set-up parameters both in numerical simulations and
in experiments.

The results of 21 Large Eddy Simulations (LES) are analyzed herein to highlight the
impact of the lateral mean recirculation characteristics on the near-wake flow features and on
some bulk quantities. The considered simulations have been carried out at Reynolds number
Re = DU, /v = 40000, being D the crossflow dimension, U, the freestream velocity and v
the kinematic viscosity of air; the flow is set to have zero angle of attack. Some simulations
are carried out with sharp edges (Mariotti et al. 2017), others with different values of the
rounding of the upstream edges (Rocchio et al. 2020) and an additional LES is carried out
to match the value of the roundness of the upstream edges in the experiments in Pasqualetto
et al. (2021). The dimensions of the mean recirculation zone vary considerably in these
simulations, allowing us to single out meaningful trends.

The streamwise length of the lateral mean recirculation and the streamwise distance from
the upstream edge of its center are the parameters controlling the considered quantities.
The wake width increases linearly with these parameters, while the vortex-shedding non-
dimensional frequency shows a linear decrease. The drag coefficient also linearly decreases
with increasing the recirculation length and this is due to a reduction of the suctions on the
base. However, the overall variation of Cp is small. Finally, a significant, and once again
linear, increase of the fluctuations of the lift coefficient is found for increasing the mean
recirculation streamwise length.
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1. Introduction

The Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder is aimed at char-
acterizing the high-Reynolds flow around a rectangular cylinder having a ratio between the
streamwise length, B, over the crossflow one, D, equal to 5 (http://www.aniv-iawe.org/barc).
This flow is paradigmatic of many wind-engineering applications, such as tall buildings, which
are often shaped as elongated prisms, or bridge decks (see, e.g., Matsumoto 1996). The shear
layer separates from the upstream edges and it starts to roll-up forming vortical structures
of different size, which interact with the classical vortex shedding further downstream in
the wake. The corresponding mean flow is characterized by a recirculation region along the
lateral surface of the cylinder, ending by mean flow reattachment close to the trailing edge.

Experimental and numerical investigations have been carried out by several research
groups worldwide. Besides those reviewed in Bruno et al. (2014), more recent data are also
available from the experiments in Schewe (2013), Nguyen et al. (2018), Mannini et al. (2017,
2019), Moore et al. (2019), Wu et al. (2020) and Pasqualetto et al. (2021), from the Large
Eddy Simulations in Patruno et al. (2016), Mariotti et al. (2017), Ricci et al. (2017), Rocchio
et al. (2020), Zhang and Xu (2020), Wu et al. (2020), from unsteady RANS in Patruno et al.
(2016) and Mariotti et al. (2016), and Direct Numerical Simulations at moderate Reynolds
number in Cimarelli et al. (2018), Cimarelli et al. (2018b) and Chiarini and Quadrio (2021).

In the review by Bruno et al. (2014) a significant dispersion was observed for some of
the quantities of interest, viz. force coefficient and fluctuations, pressure distribution over
the cylinder lateral sides and flow features, among the different experimental and numerical
contributions to the benchmark. This is in turn related with differences in the mean flow
topology over the cylinder side and, in particular, in the size of the mean recirculation region.
This size is highly sensitive to grid refinement, SGS modeling and upstream edge treatment
in numerical simulations (Bruno et al. 2012, Mariotti et al. 2017 and Rocchio et al. 2020)
and to incoming turbulence and small misalignment of the incoming flow in experiments
(Mannini et al. 2017, Wu et al. 2020). The aim of the present work is to investigate possible
quantitative relationships between the features of the mean recirculation region, e.g. the
length or the location of the center, and quantities of practical interest, such as aerodynamic
loads or pressure distribution. This can help to quantify how a given uncertainty or error
in reproducing the mean flow features on the cylinder side impacts on other quantities and
viceversa. Moreover, the present analysis could also give hints for control strategies; for
instance, one could think to modify mean and oscillating loads by acting on the instability of
the detaching shear-layer, which in turn affects the the streamwise length of the recirculation
zone (see Mariotti et al. 2017 and Rocchio et al. 2020).

To this aim, the results of 21 Large Eddy Simulations are analyzed; these simulations give
significantly different mean flow features on the cylinder side and, thus, represent a useful
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database for our analysis. All the considered simulations have been carried out at Reynolds
number Re = DUy /v = 40000, being Uy, the freestream velocity and v the kinematic
viscosity of air, and at zero angle of attack. The simulations by Mariotti et al. (2017) present
sharp edges of the upstream corners, the ones by Rocchio et al. (2020) rounded upstream
edges, and an additional simulation is carried out to match the value of the roundness of the
upstream edges in the experiments in Pasqualetto et al. (2021), i.e. /D = 0.0005. As for
the reliability of these simulations, as discussed in Mariotti et al. (2017) and in Rocchio et al.
(2020), the different mean recirculation regions are due to a different location of the instability
onset in the shear layers detaching from the upstream corners, which may be in turn related
to edge sharpness, grid resolution and SGS viscosity. Therefore, we think that these results
may be considered as possible instances of this kind of flow, with different introduction at the
upstream edge and different evolution along the shear layer of the fluctuating kinetic energy.
In “real”” cases these differences may be due to other set-up parameters, as, e.g., inlet flow
turbulence. In this paper, some characteristic lengths of the mean recirculation region are
identified and the relevant effects on the wake width, the vortex-shedding Strouhal number,
the base pressure and the fluctuations of the lift coefficient are addressed.

2. Numerical methodology and simulation set-up

All the revisited Large Eddy Simulations (LES) and the new one are carried out through
the open-source code Nek5000 (Fischer et al. 2008) following the procedure described in
Mariotti et al. (2017) and Rocchio et al. (2020). For the sake of completeness, the numerical
methodology and the simulation set-ups are briefly recalled herein. The incompressible flow
around a rectangular cylinder of aspect ratio 5:1, defined as the ratio between the streamwise
length, B, over the crossflow one, D, is simulated. Simulations have been carried out at zero
angle of attack and Reynolds number Re = DUy /v = 40000, being Uy the freestream
velocity and v the kinematic viscosity.

The code Nek5000 is based on a high-order accurate spectral-element method (Fischer
et al. 2008), where each spectral element is rectangular, or a suitable coordinate mapping
of a rectangle. Inside each element, the basis functions consist of Legendre polynomials of
order N = 6 for velocity, and N — 2 for pressure. The method has a spectral convergence
in N (so-called p-refinement), and the convergence of a high-order finite-element method
in the number of elements (h-refinement). High-order splitting method is used for time
discretization (Maday et al. 1990) and a third-order backward differentiation scheme is used
for the time derivatives. Viscous terms are implicitly treated, whereas an explicit scheme is
considered for the non-linear convective terms, with a third-order-forward extrapolation in
time.

A low-pass explicit filter in the modal space is applied at the end of each step of the
Navier-Stokes time integration (Fischer and Mullen 2001). This modal filter provides a
dissipation in the highest resolved modes, which is usually interpreted as a SGS dissipation
(Domarazdki 2010). The adopted filter is a sharp cut-off one for the modes up to the
unfiltered ones (k.), here equal to N — 3, and it has a quadratic transfer function for the
modes inside k. < k < N. The quadratic transfer function contains a weighting parameter,



4 G. Lunghi, E. Pasqualetto, B. Rocchio, A. Mariotti and M.V. Salvetti

Inlet
U = Uoo€y

15B

158

Fig. 1 Sketch of the computational domain and reference system

w, which can be thought as directly controlling the amount of dissipation introduced. In
Mariotti et al. (2017) the following values have been used w; = (0.018,0.05,0.0912,0.1218)
with ¢ = 1,2, 3,4, whereas in Rocchio et al. (2020) and in the present simulation it is kept
fixed to we = 0.05.

The body geometry and the computational domain are sketched in Fig. 1. Sharp up-
stream edges (ro/D = 0) are considered in the simulations in Mariotti et al. (2017), where
different values of the roundings of the upstream edges are considered in Rocchio et al.
(2020), viz. r;/D = (0.0037,0.0177,0.036,0.05) with ¢ = 2,3,4,5. An additional simula-
tion is carried out herein having the same value of the roundings as in the experiments in
Pasqualetto et al. (2021), i.e. r;/D = 0.0005. The computational domain is rectangular
with —15.5 < z/B < 25.5, —15.1 < y/B < 15.1 and —0.5 < z/B < 0.5, where z, y and z
denote the streamwise, crossflow and spanwise directions, respectively. The cylinder center
is located at x =y = 0.

A uniform velocity profile is imposed at the inlet boundary together with smooth flow
hypothesis (no turbulence). No-slip conditions are applied at the solid walls, periodic condi-
tions are imposed in the spanwise direction, whereas traction-free boundary conditions are
used at the outflow and on the remaining lateral sides of the computational domain.

The computational grid in the z-y plane is the same in the sharp-edge simulations and
in those with rounded upstream edges, except that the rounded part is locally handled
by curvilinear elements. The spectral element size near the rectangular cylinder in the
streamwise and in the crossflow directions is Az = Ay = 0.125D for all the considered
simulations. The spacing Az = 0.125D is kept constant in the range —3 < z/D < 3,
then a growth rate 1.05 is applied in the ranges —5 < z/D < —3 and 3 < z/D < 10,
finally, a growth rate 1.1 for x/D < —5 and /D > 10. The spacing Ay = 0.125D is kept
constant in the range —1 < y/D < 1, then a growth rate 1.05 is applied in the ranges
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—25 < y/D < —1 and 1 < y/D < 2.5, finally, a growth rate 1.5 for y/D < —2.5 and
y/D > 2.5. In Mariotti et al. (2017) four different values element size near the cylinder
in the spanwise direction are considered, viz. Az; = (0.649D,0.558D,0.437D,0.346 D) with
i =1,2,3,4, whereas in Rocchio et al. (2020) and in the present simulation this size is always
equal to Aze = 0.558D. The resulting computational grids for the rectangular cylinder with
sharp edges have 1.33 x 107, 1.68 x 107, 2.14 x 107 and 2.49 x 10" DOFs for velocity and
3.9%x10%, 5.0x10%, 6.3 x 10% and 7.4 x 10° DOFs for pressure for the grid sizes in the spanwise
direction equal to Azy, Azy, Azs and Az, respectively. The computational grids for the
rectangular cylinder with different roundings have the same resolution of one of the previous
grids (1.68 x 10" DOFs for velocity and 6.3 x 10° DOFs for pressure), while two curvilinear
elements are used to discretize the rounding. Although a precise quantitative comparison
is difficult because of the different order of the used numerical schemes, by considering the
average distance between the collocation points in our simulations, the finest grid resolutions
in the present paper are similar to the finest grid resolutions used in the BARC contributions
using LES (see Bruno et al. 2014). The time step, made non dimensional by the freestream
velocity and D, is equal to 0.003 and it corresponds to approximately 3000 time steps in each
vortex-shedding cycle. A summary of the set-up of all the considered numerical simulations
is provided in Table 1.

3. Results

In the present paper we compare the results of 21 Large Eddy Simulations of the flow
around the 5:1 rectangular cylinder to highlight how the characteristics of the lateral mean
recirculation affect the near-wake flow features and the bulk quantities. To define the quanti-
ties used to characterize the mean flow on the cylinder side, we refer to the mean streamwise
velocity (u) field shown in the top part of Figs. 2a and 2b, together with the mean flow
streamlines sketched in the bottom part of the same figures. The velocity is averaged in
time, in the spanwise direction and between the upper and lower part of the field, i.e. y >0
and y < 0. Among the different results, two of the numerical simulations with sharp edges
from Mariotti et al. (2017) are shown, viz. one giving a long mean recirculation obtained
using (wz,Az;) in Fig. 2a and another having a short mean recirculation computed with
(w2, Azy) in Fig. 2b. It has been already pointed out in Mariotti et al. (2017) and Rocchio
et al. (2020) that the streamwise extension of the mean recirculation region is ruled by the
location of the instability onset in the detaching shear-layers and it is correlated with the po-
sition of the maximum kinetic energy of the velocity fluctuations along the shear-layer edge.
As the shear layer becomes unstable further upstream, the maximum of the fluctuations
occurs further upstream, with the consequent shortening of the lateral mean recirculation.
Accordingly with the review paper by Bruno et al. (2014), the mean recirculation region
on cylinder side is described through its streamwise length, [,., and through [, and t., i.e.
the streamwise distance of the mean recirculation center from the upstream edge and its
vertical distance from the cylinder side respectively (see Fig. 2). Moreover, we introduce the
following quantities to describe the near-wake flow features: the streamwise length of the
mean recirculation region downstream of the cylinder base, [,,, and the wake width, t,,, at
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Table 1 Summary of the set-ups of the numerical simulations. Set-ups (1)-(16) are from Mariotti
et al. (2017), whereas set-ups (18)-(21) are from Rocchio et al. (2020)

Set-up Upstream edge Filter weight Grid side
(1) ro/D =0 w; = 0.018 Az /D = 0.649
(2) ro/D =0 wy = 0.018 Azy/D = 0.558
(3) ro/D =0 wy = 0.018 Azg/D = 0.437
(4) ro/D =0 wy = 0.018 Azy/D = 0.346
(5) ro/D =0 wy = 0.05 Az /D = 0.649
(6) ro/D =0 wy = 0.05 Azy/D = 0.558
(7) ro/D =0 wy = 0.05 Az3/D = 0.437
(8) ro/D =0 wy = 0.05 Azy/D = 0.346
(9) ro/D =0 w3 = 0.0912 Az /D = 0.649
(10) ro/D =0 ws = 0.0912 Azy/D = 0.558
(11) ro/D =0 ws = 0.0912 Az3/D = 0.437
(12) ro/D =0 ws = 0.0912 Azy/D = 0.346
(13) ro/D =0 wy = 0.1218 Az /D = 0.649
(14) ro/D =0 wy = 0.1218 Az9/D = 0.558
(15) ro/D =0 wy = 0.1218 Az3/D = 0.437
(16) ro/D =0 wy = 0.1218 Azy/D = 0.346
(17) r1/D = 0.0005 wy = 0.05 Azy/D = 0.558
(18) ro/D = 0.0037 wy = 0.05 Azy/D = 0.558
(19) r3/D = 0.0177 wy = 0.05 Azy/D = 0.558
(20) r4/D = 0.036 wy = 0.05 Azy/D = 0.558
(21) rs/D = 0.05 wy = 0.05 Azy/D = 0.558

the cross-section x/D = 4.5.

The streamwise length [, is easily evaluated from the mean velocity filed or the mean
tangential stresses in numerical simulations. On the other hand, common practice in wind
tunnel tests is to infer the length of the mean recirculation from the behavior of the pressure
coefficient along the lateral surface of the model (see, e.g., Bruno et al. 2014, Mannini et al.
2017, Pasqualetto et al. 2021). In particular, the position of the maximum standard deviation
of the pressure coefficient is used by assuming that it is directly related to the location where
the mean flow reattaches along the model surface (Kiya and Sasaki 1983). In Fig. 3a the
streamwise lengths [, computed in the simulations in Mariotti et al. (2017), Rocchio et al.
(2020) and in the present one are compared with the distances of the maximum standard
deviation of the pressure coefficient from the upstream edge, [,. The pressure coefficient
is defined as C), = % (see, e.g., Mariotti et al. 2013, 2014, 2015b and Mariotti et al.
2017b), where p is the local pressure, p is the density and ps is the freestream pressure. In
Fig. 3a all the data collapse on a straight line, which can be expressed as follow:

L, =1l,+c (1)

where ¢ = 0.614 (evaluated through the least-square method), indicating that maximum
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Fig. 2 Side-, spanwise- and time-averaged streamwise velocity (u) (top) and mean flow streamlines
(bottom). Results for the simulations with sharp edges from Mariotti et al. (2017) with (ws, Azy)
(a) and (we, Azs) (b)

pressure fluctuations are found slightly upstream of the flow reattachment point on the
cylinder lateral side. As a statistical measure of how close the data are to the fitted regression

line, we evaluate herein and in the following of the paper the coefficient of determination R? =
n

A2

Z H, where ¢; are evaluated on the regression line, y; are the fitted data and 7 is their
i=1 7!

mean value. In this case, R? = 0.933, confirming the very good linear correlation. It is clear
thus that both [, and [, are good parameters to evaluate the length of the mean recirculation
region. In the following of the paper, [, will be used to allow a sensible comparison between
experimental and numerical results. It is worth noting also the linear relationship which
holds between the length [, and the value of the maximum standard deviation of the pressure
coefficient, 0(Cp)max, as shown in Fig. 3b. This means that the fluctuation of pressure near
the mean flow reattachment becomes more important the larger the streamwise length of
the mean recirculation zone is. The experimental data in Pasqualetto et al. (2021) and in
Mannini et al. (2017) (for turbulence intensity, i.e. I, = 0.7%) collapse on the linear best fit.
An analogous trend is also present in the numerical simulations compared in Bruno et al.
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(2012). It should be noted that this relation holds provided that the turbulence level of the
incoming flow is similar. Indeed, when the shortening of the mean recirculation region is
due to a dramatic increase of the turbulence level of the freestream flow (as, e.g., in Mannini
et al. 2017), this, in turn, produces a significant increase of the all values of o(C)), including

U(Op)max-
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Fig. 3 Comparison between the mean reattachment length [/, and the distance of maximum pressure
fluctuation from the upstream edge I, (a). Comparison between [, and the maximum value of pressure

fluctuations (b). Experimental data from Pasqualetto et al. (2021) and Mannini et al. (2017) for
turbulence intensity I,, = 0.7%.
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Fig. 4 Effect of the streamwise length of the mean recirculation [, on the parameters defining the
position of the center of the recirculation: I. (a), t. (b) and ¢./l. (c).
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Regarding the shape of the mean recirculation region, it is clear from Figs. 4(a,b) that
the position of the center of the recirculation moves downstream and far from the surface
of the rectangular cylinder when the extension of the separated zone along the cylinder side
increases. The quantification of these displacements can be derived from the best fits of
the numerical data. The following linear relations can be derived: [, = 0.972[, — 0.612 and
te = 0.0311, + 0.183; R? = 0.898 and R? = 0.629, respectively, indicating that numerical
data are closer to the fitted regression line for (I, [,) than for (¢.,,). Furthermore, the ratio
te/lc is not a constant value, as shown in Fig. 4c. The linear best fit t./l. = —0.041[, 4+ 0.258
confirms that the lengthening and thickening of the recirculation region is not homothetic.
For longer recirculations, the center of the recirculation is moved in the rear part of the
separated zone, with a consequent increase of the region where a secondary counter-rotating
vortex occurs (compare Fig. 2a with Fig. 2b). The comparison between the different LES-
computed recirculation regions in Bruno et al. (2012) confirms the present findings. It
should be noted that the latter results are obtained with the same numerical approach,
which, however, is different from the one used herein.

The correlations between the characteristic lengths of the recirculation region, viz. [,
l. and t. and the wake width, ¢,,, evaluated at the cross-section /D = 4.5 are shown in
Fig. ba-c. A clear trend is found: the shorter the lateral recirculation is, the narrower the
wake is. The lateral-flow parameters controlling t,, seem to be the streamwise lengths [,
and [. (Figs. 5(a,b)), more than the cross-flow length ¢, (Fig. 5¢c). The following relations
hold: t,, = 0.174l, 4+ 1.313 and ¢,, = 0.180[. + 1.418. The coefficient of determination for
the latter regression line (R%? = 0.798) is slightly higher than the the one for the former
(R? = 0.705), but both parameters can be considered important in determining the wake
width. The reduction of the inward curvature of the mean flow streamlines bounding and
downstream of the recirculation region for streamwise-long recirculations seems to be the
main cause of the widening of the wake (compare Fig. 2a with Fig. 2b). This effect is added
to the reduction of ¢., which, however, alone does not seem able to give such a large decrease
in the wake width ¢,, compared to the ¢. variation. For a given increase in [, and [., the
corresponding increase in the wake width is approximately 20%. By considering the total
variation of [, and . in the different simulations, the uncertainty on t,, is equal to 0.6D.

The Strouhal number related to the vortex-shedding frequency, f, (St = fD/Us) is
reported as a function of the recirculation region characteristic lengths [,, I, and . in
Figs. 5(d,e,f), respectively. Frequencies of numerical simulations are derived from the time
behavior of the force in the crossflow direction. Also the experimental data in Pasqualetto
et al. (2021) is shown, obtained from the x-velocity signal acquired slightly outside the
near-wake border at (z/D,y/D) = (4.5,1.5) through hot-wire anemometry, because force
measurements are not available. The non-dimensional frequency increases as the mean recir-
culation becomes shorter and narrower. Again, the controlling parameters are the streamwise
lengths [, and [, as: St = —0.0260[, + 0.218, with R? =0.797, and St = —0.0261, + 0.200,
with R? = 0.840 (see Figs. 5(d,e)). This is due to the close relationship between the vor-
tex shedding frequency and the wake width, as it is well documented in the literature (see,
e.g, Bearman 1967, Griffin 1978, Buresti 1967, Mariotti 2018 and Mariotti et al. 2019). In
particular, a higher Strouhal number corresponds to a narrower wake and it is reasonable
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Fig. 5 Effect of the streamwise length of the mean recirculation [, (a,d), of the streamwise position of
the center of the recirculation I, (b,e) and of the crossflow position of the center of the recirculation
tc (c,f) on the wake width, ¢,, (a-c) and on the Strouhal number St (d-f)

to assume that the streamwise characteristic lengths of the recirculation control both ¢,
and St. Indeed, the vortex-shedding non-dimensional frequency based on the wake width,
Sty = ftw/Usx, is almost constant for the 21 simulations and its average value is equal to
Sty = 0.257, as can be seen in Fig. 6.

We focus now on the loads acting on the rectangular cylinder. Figures 7(a-c) point out
the effect of the streamwise length of the mean recirculation, /,, and of the streamwise and
crossflow positions of the center of the recirculation, . and t., on the time- and spanwise-
averaged drag coefficient per unit length, C'p. An almost linear reduction of Cp is found by
increasing l,, I, and t. for all the numerical results obtained with sharp edges in Mariotti
et al. (2017), and the ones of the present simulation with r/D = 0.0005 and the lowest
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value of the rounding of the upstream edge in Rocchio et al. (2020), i.e. /D = 0.0037. On
the contrary, significantly lower Cp values are obtained for the three more rounded edges
in Rocchio et al. (2020). It should be noted that the latter cases present a non-negligible
modification of the upstream face of the rectangular cylinder. Excluding the three outliers,
the following linear relations can be derived: Cp = —0.0181[,+1.052, Cp = —0.01871.+1.041
and Cp = —0.252t.+1.074. By considering the total variation of [, [. and ¢ in the different
simulations, the uncertainty on Cp is very low and equal to 6%.

In Fig. 7(d-f) we single out the effect of [,,, [ and t. on the averaged value of the pressure
coefficient acting on the rear face of the cylinder, (Cp)pase. Consistently, the contribution of
the rear face of the body to the drag coefficient per unit length can be expressed as Cp pase =
—(Cp)vaseD. In Figs. 7(d,e) all the data, including the ones obtained for the highest values
of the roundings and the experimental data from Pasqualetto et al. (2021), indicate a linear
decrease of the suctions acting on the rear face of the body (increase of (Cp)pase) by increasing
the characteristic lengths of the mean recirculation. The linear behaviors can be expressed
as: (Cp)base = 0.03581, — 0.334, (Cp)pase = 0.03031. — 0.297 and (Cp)page = 0.897t, — 0.488
(with R? = 0.701, R? = 0.527 and R? = 0.661, respectively). Thus, one can infer that the
low values of Cp found for /D > 0.0177 are due to a reduced contribution to the total drag
of the upstream face of the rectangular cylinder, while the contribution of the base follows
the same trend as in the other cases. The reduction of the base suctions is consistent with the
reduction of the suctions in the rear part of the lateral surface of the rectangular cylinder, as
can be seen in the distributions of the mean pressure coefficient in Mariotti et al. (2017) and
Rocchio et al. (2020). As previously mentioned, a reduction of the inward curvature of the
mean flow streamlines bounding and downstream of the recirculation region is found for the
streamwise-longer recirculations, as confirmed also by the increased wake widths and this is,
in turn, connected with the reduction of Cp pase. The same behavior has been observed for
a blunt-based bluff body in Mariotti and Buresti (2013) and Mariotti et al. (2015). In bluff
bodies characterized by an attached flow up to the separation at the rear blunt base, this
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Fig. 7 Effect of the streamwise length of the mean recirculation [, (a,d), of the streamwise position of
the center of the recirculation . (b,e) and of the crossflow position of the center of the recirculation
te (c,f) on the time- and spanwise-averaged drag coefficients, Cp (a-c) and on the time- and base-
averaged pressure coefficient, (Cp)pese (d-f)

is also connected with an increase of the mean recirculation downstream of the base of the
body (see, e.g., Bearman 1965). This does not happen in the present case characterized by
flow separation on the cylinder side, in which the length [,, decreases with streamwise-longer
lateral recirculations, as can be seen in Figs. 8(a-c). A significant correlation is found with ,,
and I (I, = —0.106l, + 1.255 with R? = 0.622 and l,, = —0.108l. + 1.188 with R? = 0.691),
whereas a not clear trend is found with t.. It is reasonable to infer that this length is the
results of the non-trivial interaction between the dynamics of the vortical structures shedding
from the shear-layers separating from the upstream edges with the vortex shedding occurring
on the base of the model.

Let us analyze now the standard deviation of the time fluctuations of lift, C’ . Figure 9a
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(c) on the standard deviation of the time variation of the lift coefficient C

shows a linear correlation between C and the length of the mean recirculation region [, i.e.
C}, = 0.166l, — 0.180 with R? = 0.799 . An analogous result is also found for the streamwise
position of the center of the recirculation (C} = 0.162l,—0.057 with R? = 0.801), whereas no
clear correlation is found with ¢.. An increase of the standard deviation of the lift coefficient
by lengthening the mean recirculation region has been found in the simulations in Bruno
et al. (2012), where an analogous linear correlation can be observed between the distance of
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the reattachment point from the cylinder leading edge and C . Following the description of
the instantaneous shedding of vortical structures in Bruno et al. (2010), the instantaneous lift
oscillations can be related to the interaction between the vortical structures on the cylinder
side and those shed from the trailing edge. For longer recirculation regions, a stronger
interaction may be expected, since the vortical structures form closer to the trailing edge (see
Mariotti et al. 2017) and this, in turn,may explain the increase in the lift oscillations. Since
this region is definitely shorter in the case of extended recirculations, it seems reasonable to
infer that this is the physical cause of the increase of the lift fluctuations.

4. Conclusions

The characteristics of the lateral mean recirculation significantly affect the near-wake flow
features and the bulk quantities of the flow around the 5:1 rectangular cylinder. The results
of 21 numerical simulations have been investigated to derive qualitative and quantitative
trends. These simulations may be considered as possible instances of this kind of flow
with different mean flow features on the cylinder side. Among the selected characteristic
lengths defining the mean recirculation, the streamwise length of the recirculation is the
most important parameter. This length can be analogously expressed either as the distance
from the upstream edge of the point along the cylinder lateral surface having mean tangential
stresses equal to zero, [, or as the distance of the point of maximum standard deviation of
the pressure coefficient, [,. The two quantities indeed differ by a constant. The parameter [,
is easier to be measured in wind-tunnel tests and it is used in the present analysis. Longer
mean recirculation regions are not homothetic with shorter ones; for longer recirculations
the center moves in the rear part of the separated zone, with a consequent increase of the
region where a secondary counter-rotating recirculation occurs.

The length of the mean recirculation region and the streamwise-distance of the center of
the recirculation measured from the upstream edges are the controlling parameters for the
wake width, the vortex shedding Strouhal number, the base pressure and the fluctuations of
the lift coefficient. The wake width increases linearly with these parameters, while the vortex-
shedding non-dimensional frequency show a linear decrease. The drag coefficient decreases
linearly with increasing the mean recirculation length or the the streamwise-distance of its
center from the upstream edges. Indeed, the reduction of the inward curvature of the mean
flow streamlines related to long recirculations produces lower suctions on the rear face of the
rectangular cylinder. Conversely, the fluctuations of the lift coefficient significantly increase
for streamwise-extended mean recirculation zones. Once again the relationship between C7,
and the length of the mean recirculation region or the streamwise location of its center is in
very good approximation linear. The trends observed in the present analysis are qualitatively
consistent with those of previous works on the BARC configuration; it would be interesting
to ascertain, as a future work, the quantitative agreement with other data sets.
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