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ARTICLE INFO ABSTRACT

MSC: We examine the effects of three basic but effective control strategies, namely uniform blowing, uniform
0000 suction, and body-force damping, on the intense Reynolds-stress events in the turbulent boundary layer (TBL)
111 developing on the suction side of a NACA4412 airfoil. This flow is subjected to a non-uniform adverse pressure
Keywords: gradient (APG), which substantially modifies its turbulence statistics with respect to a zero-pressure-gradient

Turbulent boundary layers
Flow control

(ZPG) boundary layer, and it also changes how control strategies affect the flow. The strong APG results in
intense events that are shorter and more often detached from the wall than in ZPG TBLs. In a quadrant analysis,
ejections remain the most relevant structures, but sweeps become more important than in ZPG TBLs, a fact
that results in a lower contribution to the wall-normal velocity from intense Reynolds-stress events. Control
effects are relatively less important on intense events than on the turbulent statistics. Uniform blowing has an
impact similar to that of an even more intense APG, while uniform suction has more complex effects, most
likely due to the particular behavior of the wall-normal velocity component near the wall. Body-force damping
also reduces the probability of occurrence of very-large attached structures and that of intense events in the
proximity of the actuation region. Our results show that intense Reynolds-stress events are robust features of
the flow. If control strategies do not target directly these structures, their effects on the strong events is less
pronounced than the effects on the mean flow.

Coherent structures

Turbulent boundary layers subjected to strong APG exhibit specific
features compared with the canonical ZPG case. For a similar devel-
opment length, APG TBLs are thicker, have higher mean wall-normal
convection and more intense turbulent fluctuations in the outer region,
as shown in numerous numerical and experimental studies (e.g. Spalart
and Watmuff (1993), Skare and Krogstad (1994), and Monty et al.
(2011)). Furthermore, the state of the flow is not uniquely determined

1. Introduction

Uniform blowing and suction have been considered as possible
control strategies to modify the properties of turbulent flows for more
than a century (see Prandtl (1904)). In the case of uniform blowing,
the possibility of obtaining skin-friction reduction in industrial cases
became more concrete with the introduction of the micro-blowing
technique (as discussed by Hwang (2004)), prompting several studies

on the interaction between control and turbulence. These studies fo-
cused initially on canonical cases, such as zero-pressure-gradient (ZPG)
turbulent boundary layers (TBLs) (e.g. Park and Choi (1999), Kametani
and Fukagata (2011), and Stroh et al. (2016)). Only recently, however,
detailed analyses have been carried out on blowing and suction effects
for more complex cases, closely related to aerodynamics applications.
These studies are based on both experiments, as in the cases of e.g. Eto
et al. (2019) and Kornilov et al. (2019), and numerical simulations,
as in the cases of e.g. Atzori et al. (2020) and Fahland et al. (2021).
A key distinction between these more recent studies and the previous
ones is the fact that turbulent boundary layers developing around wing
profiles are often subjected to pressure gradients, and most notably
intense adverse pressure gradient (APG).
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by the local pressure condition, but it results from the pressure distribu-
tion during its development (Bobke et al., 2017). Significant differences
between APG and ZPG TBLs are also apparent in how control strategies
affect both flows. For instance, Atzori et al. (2020) described the effects
of uniform blowing and uniform suction on the suction side on the
non-uniform APG TBL developing on the suction side of a NACA4412
airfoil and found that blowing effects on wall-normal convection and
turbulent fluctuations are more pronounced than in ZPG TBLs.

A possible approach to untangle the complexity of pressure-gradient
effects is to describe their impact on coherent structures that are
relevant for near-wall dynamics. Maciel et al. (2017b) studied Reynold-
stress events in TBLs with APG of various intensities, showing that
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Table 1

Cases examined in the present study.
Case Description Control region Color
PREF Reference ZPG case, pressure side - [ |
SREF Reference APG case, suction side - [ |
BLW Uniform blowing (0.1%U,), suction side 0.25 < x/c < 0.86
SCT Uniform suction (0.1%U,,), suction side 0.25 < x/c < 0.86
BDF Body-force damping, suction side 0.25 < x/c < 0.86 [ |

large wall-attached objects are less relevant in stronger APG conditions,
which cause them to become less common and shorter in the wall-
tangential direction. This approach was introduced by Lozano-Duran
et al. (2012) as extension of the classical quadrant analysis (Wallace
et al., 1972). Atzori et al. (2019) conducted a preliminary study on
the same coherent structures on a NACA4412 airfoil, focusing on their
contributions to wall-normal convection and found that ejections and
sweeps have more similar intensities in APG TBLs than in ZPG TBLs
and internal flows such as channel and duct.

In the present paper, we study how three different control strategies,
namely uniform blowing, uniform suction, and body-force damping
applied to the APG TBL on the suction side of a NACA4412 airfoil
affect intense Reynolds-stress events. In particular, we are interested
in understanding how a specific control strategy affects the dominant
coherent structures in the flow. Since these structures are relevant to
the near-wall regeneration cycle, better understanding of the control
effects may help developing more efficient control strategies.

The paper is organized as follows: in Section 2, we describe the data
set and structure detection technique; in Section 3, we examine the ge-
ometrical properties of coherent structures, including their size, shape,
and distribution with respect to the wall-distance, their probability of
occurrence, and their contribution to the mean flow; and in Section 4,
we summarize our findings and present our conclusions.

2. Methodology
2.1. Data set

The data set that we consider is a subset of that described in detail
in Ref. Atzori et al. (2020), which consists of highly-resolved large-
eddy simulations (LES) of the incompressible flow around a NACA 4412
airfoil at chord Reynolds number Re, = 200,000 and angle of attack
5 degrees performed with the spectral-element code Nek5000 (Fischer
et al.,, 2008). Note that Re, = U, c/v, where U, is the incoming
velocity, c is the chord length, and v is the kinematic viscosity. In these
simulations, we induce laminar-to-turbulent transition with tripping at
x;/c = 0.1 on both sides of the airfoil, and control techniques are
applied on a portion of the suction side. The horizontal and vertical
coordinates in the computational domain are denoted by x; and x,,
respectively (the airfoil is horizontal and incoming velocity components
define the angle of attack), while the wall-tangential, wall-normal, and
spanwise directions are denoted by x, y, and z, respectively.

The grid spacing is Ax* ~ 18, 4yt = (0.64,11), and 4z* ~ 9 for
the wall-tangential, wall-normal and spanwise directions, respectively.
Note that the superscript (...)* denotes inner-scaled variables and the
inner scaling is computed using the viscous local length /* = v/u,,
where the friction velocity is u, = 4/7,,/p, the wall-shear stress at the
wall is z,, = pv(dU /dy),—¢, and p is the fluid density.

In the present paper, in order to isolate adverse-pressure-gradient
and control effects, we focus on only a portion of the domain and a
limited set of cases. The five selected study cases are listed in Table 1.
The two first cases, denoted PREF and SREF, respectively, are regions of
pressure and suction sides of the reference case. Note that the boundary
layer on the pressure side is subjected to a mild favorable pressure
gradient. The remaining three cases, denoted BLW, SCT, and BDF,
respectively, are regions of the suction side of the simulations with
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Fig. 1. Development of the boundary layer, described by (left) the Clauser pressure-
gradient parameter, denoted by g, and (right) the local skin-friction coefficient, denoted
by ¢,. Color code described in Table 1. Note that the left axis on the f plot is referred
to the curves for the suction side, and the right axis is referred to the curve on
for the pressure side. The gray vertical dashed lines denote the control region. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

uniform blowing, uniform suction, and body-force damping. Uniform
blowing and uniform suction are implemented as a Dirichlet boundary
condition on the airfoil surface, prescribing a wall-normal velocity of
0.1%U,, in the appropriate direction. Body-force damping is imple-
mented as a volume force opposite to the wall-normal component of
the instantaneous velocity in the region below y* < 20, similarly to that
used by Stroh et al. (2015), and it is calibrated to yield a skin-friction
reduction comparable to that of uniform blowing. Note that, for this
specific test case, a blowing intensity of 0.2%U, is already sufficient to
cause separation at the trailing edge (Atzori et al., 2020).

The local skin-friction coefficient, denoted by ¢, and the Clauser
pressure-gradient parameter, denoted by g, are shown in Fig. 1 for
all the cases. Note that the skin-friction coefficient and the Clauser
parameter are defined as ¢, = 27,/ pU? and p = 6*/7,dP/dx|,, respec-
tively. In these expressions, U, is the mean wall-tangential velocity at
the boundary-layer edge, dP/dx|, is the mean wall-tangential pressure
gradient at the boundary-layer edge, and 6* is the displacement thick-
ness. The location of the edge is identified using the method based on
diagnostic plot proposed by Vinuesa et al. (2016), avoiding arbitrary
thresholds or identification of maxima in the profiles.

On the suction side, g is positive and after the location of maximum
camber (x/c = 0.4) rapidly increases, reaching values higher than 100
at the airfoil trailing edge in the reference case. On the pressure side, g
exhibits much less conspicuous variations than on the suction side, and
it varies between approximately —0.1 at x/c¢ = 0.4 and —0.2 at x/c = 0.8.
The control strategies that we consider slightly alter g, because of
their effects on friction velocity and boundary-layer thickness. Uniform
blowing increases 6* and reduces u_, leading to higher g, while suction
has the opposite effects. Body-force damping also causes an increase
of #, which is more evident in the controlled region with already high
adverse pressure gradient. In the test cases considered here, the strong
adverse pressure gradient on the suction side causes the skin friction to
rapidly decrease approaching the leading edge, almost reaching mean
separation. Uniform blowing with this actuation intensity causes an
integrated skin-friction reduction of approximately 10% and uniform
suction causes an increase of the same proportion.

2.2. Coherent structure identification
We define coherent structures as connected components of the

domain where the condition below is fulfilled, following the three-
dimensional extension of the quadrant analysis proposed in Ref.
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Fig. 2. (Top) Instantaneous horizontal velocity component in the streamwise direction in a portion of the computational domain and (bottom) coherent structures on the suction
side of the uncontrolled case in the rotated frame of reference employed in this paper. The coherent structures are colored with wall-tangential velocity component. For both
figures, the velocity values are from (blue) —0.2U_, to (red) 1.5U, approximately. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

(Lozano-Durén et al., 2012):
|uv| > Hutypy Upps - @

In this expression, u and v are the fluctuations of the wall-tangential,
and wall-normal velocity components, respectively, u,,. and v, are
the corresponding root-mean-squared values, which are used as scaling
factors, and H is a numerical threshold. Note that the simulations
are performed using a Cartesian reference frame, but the coherent-
structure identification is carried out in a non-orthogonal frame of
reference using the wall-tangential and wall-normal directions, and
the velocity components are rotated accordingly. Fig. 2 illustrates a
small portion of the computational domain in the simulation, and the
coherent structures identified in the rotated frame of reference for the
uncontrolled case on the suction side. It is possible to appreciate the
tripping effects, at x/c ~ 0.1, and the rapid growth of the boundary
layer due to the APG.

We performed this analysis in a preliminary study on cases PREF
and SREF (Atzori et al., 2019), and we observed that the sole condi-
tion (1) is not entirely appropriate for this kind flow because above the
turbulent-non-turbulent-interface (TNTI), u,,,, and v, are virtually
zero, resulting in the detection of very large structures, the sizes of
which were are almost independent of H in this region. A similar
effect has also been observed in the near-wall region in wall-bounded
turbulent flows such as that across periodic channels and ducts (Atzori
et al., 2021a). Atzori et al. (2019) considered three different additional
conditions to identify the turbulent region. Although they are based on
different physical quantities, such as enstrophy and turbulent kinetic
energy, all these criteria require an additional numerical threshold, and
we found that the impact of these conditions on structure identification
is similar if the averaged TNTI is the same. In the present study, we
restrict the structure identification to regions of the domain where the
instantaneous turbulent kinetic energy, defined as

k= %(u2+vz+w2), (2)

is higher than a fraction of the turbulent kinetic energy at the boundary-
layer edge, defined as

ke = 32+ 07 + ). ©)

In this expression, the subscript e denotes the location of the edge.
We will consider intense events that are detected with H = 2, in
the region where the instantaneous turbulent kinetic energy, k, is at
least 2% of the mean turbulent kinetic energy at the edge, k,, so that

the complete condition for structure identification is summarized in
following expression:

[uv] > Hugg U
k> ak,

C)

The value of the threshold H = 2 guarantees that the intense events
are isolated and a = 2% results in an averaged wall-normal distance of
the TNTI in good agreement with 6.

The effects of the two conditions in Eq. (4) are separately illustrated
for the plane perpendicular to the streamwise direction at x/c = 0.75
for an arbitrary time in Fig. 3.

The top panel shows regions of intense uv events for four pro-
gressively higher values of H. The first two, H = 0.1 and 0.2, are
lower than the value corresponding to the percolation crisis, so that
most structures are merged in very large connected components. The
higher two, H = 1 and 2, are above the critical value, where the
most intense events are well separated. The central panel shows the
turbulent region of the domain, defined in terms of various percentage
of the mean turbulent kinetic energy at the edge of the boundary layer,
from k = 0.1%k, to 2%k,. The bottom panel shows the instantaneous
wall-tangential velocity component, coherent structures and TNTI, for
the threshold values employed in this study, which correspond to the
highest value considered in the previous panels. Comparing the three
panels, it is possible to observe that the TNTI condition has a relatively
small impact on the identification of very intense events, which are the
focus of this study.

3. Results

In this section, we discuss how control strategies and APGs affect
the coherent structures that we identify, considering their geometri-
cal properties as well as their probability of occurrence and relation
with wall-normal convection. We focus on the portion of the domain
between x/c = 0.4 and x/c¢ = 0.8, corresponding to the region of adverse
pressure gradient on the suction side, far enough from both transition
location and trailing edge.

3.1. Geometrical properties of the structures
3.1.1. Structure size

We first examine the structure sizes in the entire sub-domain for
each case, in order to identify the most evident trends. Fig. 4 illustrates



M. Atzori et al.

0.06

0.04

y/c

0.02

International Journal of Heat and Fluid Flow 97 (2022) 109036

0.04

y/c

0.02

0 0.05

0.1 0.15 0.2

0 0.05

0.1 0.15 0.2
zle

Fig. 3. Effects of the two thresholds employed in structure identification, illustrated for the plane x/c = 0.75 at an arbitrary time. (Top) Regions of space identified with the

condition |uv| > Hu,py, Uy

for H =0.1, 0.2, 1, and 2, denoted by dark blue, light blue, cyan, and yellow, respectively. (Center) Regions of space where the turbulent kinetic energy

is higher than 0.1%, 0.5%, 1%, and 2% of the mean turbulent kinetic energy at the edge, denote by dark blue, light blue, cyan, and yellow, respectively. (Bottom) Wall-tangential
velocity component with values from ~ 0U_, in blue, to = 1.2U, in yellow, contours of intense uv for H =2, denoted by solid black lines, and region where the structures are
identified, denoted by dashed red lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the probability density functions (PDFs) of the lengths in every direc-
tion of the structure bounding boxes, denoted by 4,, 4,, and 4,. The
lengths are scaled both with 699 and in viscous units, using oy and /*
at the streamwise location of the structure center of mass, denoted by

X.m- Note that the center of mass, x,, is defined as:

1 N
Xem = E Z v[xi > (5)
i=1

where x; is position of the ith point belonging to the structure, V; is
the portion of domain volume associated with this grid point, which is
computed using the grid spacing and mesh curvature, N is the total
number of points belonging to the structure, and V = Zij‘:/l V; is the
structure volume.

Generally speaking, pressure-gradient effects on the structure sizes
are more evident than control effects, which is not surprising because
the APG is relatively strong, and the control actuation is relatively
weak. We will now compare the suction and pressure sides in the
reference case (cases SREF and PREF, respectively).

With respect to the boundary-layer thickness, the APG results in
structures that are on average smaller on the suction side (SREF) than
on the pressure side (PREF), which is apparent in the PDFs of the
bounding-box size in all directions. For example, very large structures
in PREF can be as long as 10 times 69 and beyond but the longest ones
in SREF are shorter than that. Intense events in PREF are also more
elongated in the vertical and spanwise directions than in SREF, indicat-
ing that although the APG increases the boundary-layer thickness, the
size of intense events does not grow proportionally. When the lengths

are scaled in viscous units, APG effects are less evident. The length in
the streamwise direction, A}, is still shorter on average on the suction
side than on the pressure side, but 4} is more similar between both and
At is virtually identical.

Control effects are less significant than those of the pressure gra-
dient, but it is still possible to identify general trends. Uniform blow-
ing (BLW) modifies certain turbulence statistics similarly to an even
stronger APG, and uniform suction (SCT) has opposite effects (Vinuesa
et al., 2017; Atzori et al., 2020). We observe the same in how these
control strategies affect the structure sizes. For instance, 4,/8¢y and
A,/8y9 are on average slightly lower in BLW than in the uncontrolled
case. However, control effects on 4,/6q9 are so small that the corre-
sponding PDFs overlap for all cases on the suction side. Interestingly,
although pressure-gradient effects are less evident when the lengths are
scaled in viscous units, we observe the opposite for blowing and suction
effects. For example, the 4_/5q9 PDFs in SREF and SCT are overlapping,
but A;f in SCT is, in fact, more similar to that on the pressure side
than for the uncontrolled cases. To summarize, structure sizes scaled in
viscous units are relatively in better agreement between APG and ZPG
than between blowing, suction, and the uncontrolled case, while sizes
scaled with 8¢y are in better agreement between blowing, suction and
the uncontrolled case than between APG and ZPG. This fact suggests
the blowing and suction, compared to pressure gradient, modify friction
proportionally more than structure sizes in a turbulent boundary layer.

The effects of body-force damping on the average structure sizes
are to very slightly increasing 4, /g9, leaving 4,/849 and 4, /g9 almost
unchanged. Interestingly, At in BDF is in excellent agreement with
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Fig. 4. Size of the bounding boxes of structures, scaled in (top row) outer and (bottom row) viscous units. From left to right, dimensions in streamwise, wall-normal and spanwise
directions. Color code described in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that of the uncontrolled case, showing that this control modifies skin-
friction and coherent structures length proportionally, in contrast with
uniform blowing.

3.1.2. Vertical placement and extent

Perhaps the most prominent feature of the spatial distribution of
intense uv events in wall-bounded flows is the presence of very large
structures which extend from the near-wall region (below y* ~ 20)
up to the wake region of the boundary layer. These structures have
been observed e.g. in channel flows at relatively high Reynolds num-
ber (Lozano-Duran et al., 2012) as well as turbulent boundary lay-
ers (Maciel et al., 2017a). Their existence is shown by the joint proba-
bility density function (JPDF) of the minimum and maximum distance
from the wall of the structures, which is reported in Fig. 5 for all cases.
Note that the figure illustrates two levels of the JPDF, corresponding
to 90% and 99% of the detected structures so that the latter also
includes very rare events. The distance from the wall is scaled in
local viscous units or &gy, computed at the streamwise location of
the structure center of mass. Large objects attached to the wall and
propagating at a higher wall-normal distance belong to the thin band
with low y.;, and high y,..., which is present in all cases. An interesting
feature of these JPDFs for turbulent boundary layers is the existence
of very rare events whose y,,. is higher than the y.;, of any other,
implying that they extend above the region where intense fluctuations
can originate, i.e. at a distance from the wall as high as 2649 and more.
These coherent structures, the boundaries of which coincide with the
TNTI, are equivalent in boundary layers to the largest objects in internal
flows, which span the entire domain height. Similar events seem to
appear in a similar JPDF for y; /699 and y,../899 reported for an
APG boundary layer by Maciel et al. (2017a), although this data set
is not directly comparable with the present one because no additional
condition was used to exclude the region above the TNTI in Ref. (Maciel
et al., 2017a).

400
300 TR =
N <‘) =3
5200} @ 5 g
=

100 L/
0 0

0 200 400 0 1 2
y:xr]in ymin/ 699

Fig. 5. Joint probability density functions (JPDFs) of the minimum and maximum
distance of each structure (left) in inner units and (right) scaled with 6y, at the
location of structure center of mass. The contours include 90% and 99% of the detected
structures. Color code described in Table 1. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

3.1.3. Probability of appearance

To quantify how pressure gradient and control modify the probabil-
ity of occurrence of large events, we establish criteria to classify intense
events. These criteria are based on the structure position with respect
to the near-wall region, defined as the domain portion below y* =
20. Coherent structures, which are partially included in the near-wall
region with center of mass located above y* = 20, are included in the
tall-wall-attached class, denoted by TWA; structures with center of mass
below y* = 20 are included in the wall-attached class, denoted by WA;
and structures that are entirely above the near-wall region are included
in the detached class, denoted by D. Table 2 summarizes the number of
events in each class for all cases, as well as the corresponding portion
of the total volume, between streamwise locations x/c¢ = 0.75 and x/c =
0.85. In this table, N,,, denotes the total number of structures identified
in the data set, and N, denotes the number of structures of a specific
class, so that N,/ N, is the probability of occurrence. Similarly, V,
and V,,,; denote the total volume occupied by all structures and the
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Table 2

Relative probability of occurrence and volume fraction for tall wall-attached (TWA),
wall-attached (WA), and detached (D) structures. N,, denotes the total number of
structures identified in the data set, and N, denotes the number of structures of a
specific class, so that N,/N,, is the probability of occurrence. Similarly, V,, and
Veass denote the total volume occupied by all structures and the volume of structures
belonging to a specific class, respectively, so that V. /V,, is the volume fraction. The

highest values of N /N, and V,,, for each case is in boldface.

Nclasc /le

PREF SREF BLW SCT BDF
TWA 16% 12% 11% 13% 12%
WA 28% 27% 28% 25% 28%
D 56% 61% 61% 62% 60%

Vetass/ Viot

PREF SREF BLW SCT BDF
TWA 66% 56% 51% 54% 50%
WA 3% 3% 3% 3% 4%
D 31% 41% 46% 43% 46%

volume of structures belonging to a specific class, respectively, so that
Vetass/ Vior 1S the volume fraction.

We observe that pressure gradient and control affect the probability
of occurrence and structures volume differently. In all cases, the most
numerous class is that of D objects, which includes 56% of the intense
events on the pressure side. On the other hand, the class that amounts
for the largest portion of the domain is that of TWA objects, which
includes for instance on the pressure side 66% of the total volume.
The adverse pressure gradient on the suction side results in a lower
occurrence of TWA structures (—4%) and a corresponding lower portion
of the volume (-10%). This is mainly counterbalanced by an increase
in both number and portion of the volume of D intense events (+5%
and +10%, respectively), while WA events are very similar in number
and volume fraction on both pressure and suction sides.

Interestingly, the control strategies have a relatively small effect
on the probability of occurrence, and the most significant discrepancy
with respect to the uncontrolled case is a reduction of 2% of the
occurrence of WA structure in the case of suction. However, control
effects are more evident in the volume fraction of different classes.
In particular, both uniform blowing and body-force damping result in
lower Viwa/Vioi (—5% and —6%, respectively) and higher V, /V,,, (+5%
in both cases); uniform suction, perhaps surprisingly, also results in
lower Viwa/Vioe (—2%) and higher V, /¥, (+2%), although these are
still lower modifications than for blowing.

The reduction of both Npwa/No and Viwa/Vio due to APG, the
further reduction of Vyy,/V,, due to uniform blowing, and the cor-
responding increase of Ny /N, and V,/V,,, are most likely conse-
quences of the higher wall-normal convection associated with both
APG and blowing, which causes large structures to move farther from
the wall while they are growing in size. The fact that Ny, /N, and
Vwa/Vit are not proportionally affected is probably because these
smaller structures have a short lifetime and their rate of production in
the near-wall region is not severely affected by either APG or blowing.
The fact that suction effects on the volume fractions are in the same
direction as those of blowing, albeit less intense, is notable and more
intriguing. A possible explanation for this phenomenon is the fact that
not only suction reduces the wall-normal convection far from the wall,
which should have led to e.g. higher Vywa/Vi» but it also creates
a small near-wall region where the wall-normal velocity is negative,
hindering the transformation of WA into TWA structures.

3.2. Quadrants and contributions to wall-normal convection

Intense Reynolds-stress events can also be classified considering
the signs of velocity fluctuations, which is the basis of the so-called
quadrant analysis (Wallace et al., 1972; Willmarth and Lu, 1972). If
coherent structures are represented in a Cartesian plane where the

International Journal of Heat and Fluid Flow 97 (2022) 109036

Table 3
Relative probability of occurrence and volume fraction for the four quadrants.
N, Q /N, tot
PREF SREF BLW SCT BDF
Q1 12% 14% 15% 13% 15%
Q2 32% 35% 34% 35% 33%
Q3 22% 17% 17% 18% 20%
Q4 34% 34% 34% 34% 32%
Yo/ Vi
PREF SREF BLW SCT BDF
Q1 2% 2% 1% 2% 2%
Q2 81% 72% 69% 72% 71%
Q3 5% 6% 8% 7% 7%
Q4 12% 20% 22% 19% 20%

horizontal and vertical axes are the wall-tangential and wall-normal
fluctuations of the velocity components, respectively, it is possible to
assign each of them into one of four quadrants: Q1, (u > 0 and
v >0),02w@<0and v > 0), Q3 (u < 0 and v < 0), and Q4
(u > 0 and v < 0). The most relevant events in wall-bounded flows
are Q2 and Q4 events, which are conventionally named ejections and
sweeps, respectively. Note that, because of the relatively high value
of the threshold (H = 2) and the boundary-layer geometry, velocity
fluctuations have homogeneous signs within each structure, so the
quadrant classification is unambiguous.

In Table 3, we report the probability of occurrence and volume
fractions of different quadrants, denoted by Ng/Ny and Vq/Vy,
respectively, in the region between x/c = 0.75 and x/c = 0.85. In
all cases, the number of ejections is very similar to that of sweeps,
and their relative proportion does not change significantly between
both suction and pressure sides or between controlled and uncontrolled
cases. In particular, Nq,/N,, which is 32% in PREF, increases only
by 3 percentage points, because of the APG, and Ny,/N, = 34% for
every cases expect in BDF, where it still is 32%. Note that ejections
and sweeps are statistically coupled in pairs entangled with vortex
clusters (del Alamo et al., 2006; Lozano-Duran et al., 2012), which is
the reason why N, /Ny and N4/ Ny have similar values. This fact is
possibly related to the observation that the probabilities are not much
affected by APG or the types of control considered here, because they
appear to be a general characteristic of this kind of flow.

The importance of ejections relative to the other quadrants is evi-
dent in their volume fractions V/V,, which are much higher than the
volume fractions of any other quadrants in all cases. Interestingly, the
APG modifies both Vg, /V,,, and Vg, /V,, quite significantly, decreasing
the first from 81% to 72%, and increasing the second from 12% to
20%, which are more evident changes than those of the probabilities of
occurrence. The fact that a strong APG boundary layer has proportion-
ally larger sweeps than ejections with respect to a ZPG boundary layer,
although their probability of occurrence is in good agreement in both
cases, suggests that these structures are originated similarly, but their
evolution is different. The control strategies have a smaller impact on
Vo/Vior- As observed for TWA and D objects, uniform blowing changes
the quadrant volume fractions in the same direction as the adverse pres-
sure gradient does, further decreasing Vg, /V,, and increasing Vi, /Viors
but uniform suction does not have effects directly opposite to those
of blowing, e.g. leaving unaltered V,/V,, with respect to that of the
uncontrolled case.

3.2.1. Contributions to wall-normal profiles

To characterize more precisely how pressure gradient and control
strategies modify the quadrant distributions and how these changes are
related to that of the turbulent statistics, we will now examine wall-
normal profiles at a specific streamwise location, i.e. x/c = 0.75. This
position corresponds to the center of the region for which we previously
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Fig. 6. Time and ensemble average, denoted by solid and dashed lines, respectively, of
the (left) wall-tangential and (right) wall-normal velocity components at x/c = 0.75. The
circle denotes the average location of the respective turbulent-non-turbulent interface

(TNTI). Color code described in Table 1. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

described the probabilities of occurrence and volume fractions of the
different classes of structures and quadrants.

We will firstly examine the mean properties of the flow at this
location and illustrate the TNTI-condition effects. Fig. 6 shows the
inner-scaled wall-tangential and wall-normal components of the time-
averaged mean velocity, denoted U* and V', respectively, as functions
of the inner-scaled wall-normal distance for each case at location x/c =
0.75. It is possible to observe (i) how the APG results in higher velocity
in the wake region and much higher wall-normal convection with
respect to a ZPG boundary layer, (ii) that uniform blowing increases
Ut in the wake region and wall-normal convection even further, and
(iii) that suction has effects opposite to those of blowing. This Figure
also shows the ensemble average of U™ and V* over the snapshots
employed for the coherent-structure analysis. Note that the higher v+
in the case of body-force damping with respect to the reference is a
results of the reduction of friction velocity. The outer-scaled profile of
the same quantity (not shown here) is lower than in the Ref. (Atzori
et al., 2021b). The ensemble average is performed only over the portion
of the domain where it is possible to identify coherent structures, i.e.
assigning a zero value to the instantaneous velocity at the location
above the TNTI and in the viscous sub-layer. Thus, above ¢y, Which
provides a good estimate of the average wall-normal distance of the
TNTI, the ensemble-average quantities go to zero because of the low
probability that the flow is turbulent at such wall distances. Below
899, the agreement between time- and ensemble-averaged profiles is
excellent for U* and relatively good for V'* (the discrepancies for the
latter are due to statistical uncertainty of the ensemble average).

We show the inner-scaled and outer-scaled profiles of the Reynolds
stresses u2, v2, and uo for all cases in Fig. 7. The inner- and outer-scaled
profiles are scaled with the squared local friction velocity, u?, and
the squared local edge velocity, Uez, respectively. The strong adverse
pressure gradient on the suction side results in more intense inner-
scaled fluctuations at all distances from the wall than at the same
location on the pressure side. Blowing and body-force damping exhibit
even higher values than the reference case, while suction has opposite
effects. These results however do not necessarily represent the absolute
fluctuations intensity in different cases, because pressure gradient and
control also affect the friction velocity. The outer-scaled wall-tangential
fluctuations in the inner region of the boundary layer are indeed lower
for the adverse pressure gradient on the suction side than on the
pressure side.

It is important to point out that coherent structures are not nec-
essarily a good indicator for the properties of the entire flow, e.g if
intense ejections are more common in a certain case, this does not
imply that the same is true considering ejections of any amplitude.
In Fig. 8, we compare the probability of belonging to each quadrant

for intense events, i.e. when the condition |uv| > Hu, 0, is fulfilled
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Fig. 7. (Left) Inner-scaled and (right) outer-scaled profiles of wall-tangential and wall-
normal fluctuations. Solid, dashed and dotted lines denote u2, v?, and uv, respectively.
Color code described in Table 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Probability of belonging to different quadrants for (top row) Q1 and Q2, and

(bottom row) Q3 and Q4, for (left column) the entire flow and (right column) intense

events. The dominant quadrants, Q2 and Q4 are denoted by solid lines, and Q1 and

Q3 are denoted by dashed lines. Color code described in Table 1. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version
of this article.)

with H = 2, and the same probability in the entire turbulent flow
(i.e. H = 0). The probabilities are denoted by P and are expressed as
functions of the inner-scaled wall-normal distance (the probabilities of
quadrants with the same sign of the wall-normal velocity fluctuation,
ie. P and Py,, as well as Py; and Py, are shown together for the
sake of clarity because they have different ranges of values). Note that
the sum P,, = Pq; + P, + Pos + Pqu gives the total probability of
being identified as a quadrant and part of the turbulent flow. Therefore,
below y* ~ 2 and above 6y, P,, is lower than 1 even when the entire
turbulent flow is considered (H = 0) because of the non-zero fraction
of laminar flow in these regions.

For every case, Py, and Py, for H = 0 are qualitatively different
from those of intense events only (H = 2). On the one hand, for
H = 0, we observe that (i) P, rapidly increases in the near-wall
region, reaching its maximum at y* ~ 10, that (ii) pressure-gradient
effects on this probability are relatively small, and that (iii) the most
evident control effect is a reduction due to body-force damping between
y* =~ 1 and y* = 10. On the other hand, for H = 2, Py, remains almost
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Fig. 9. Difference between the conditional averages of the wall-normal velocity for
(left) ejections (Q2) and (right) sweeps (Q4) and the mean wall-normal velocity, V,
scaled with the wall-tangential mean velocity at the boundary-layer edge. Note that
the same scale is used for both figures, and that the region above 6y is not shown.
Color code described in Table 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

constant and very low up to y* =~ 5, it increases significantly farther
from the wall, reaching its maximum in the proximity of the boundary-
layer edge, and it shows a higher discrepancy between pressure and
suction sides, being lower in the latter between y* ~ 10 and y* ~ 100.
The probability of belonging to Q1, which is quite lower in general
than P, also exhibits differences between H = 0 and H = 2. In
particular, in the first case, Py, tends to increase with the wall distance,
reaching almost 25% at the edge, while in the latter one, it decreases
and becomes virtually 0 far enough from the wall. The probabilities
of quadrants with negative v are also different between H = 0 and
H =2. In particular, Pg, for H = 0 is higher on the pressure side than
on the suction side at all wall-normal distances below &o9, while P,
for H =2 is in good agreement between both in the near-wall region,
and become significantly lower for the pressure side above y* ~ 15.
Furthermore, Pq, for H =0 are in good agreement between reference
and controlled cases, while Py, for H = 2 is lower below y* ~ 10 for
body-force damping.

Overall, the differences in the quadrant probabilities between the
suction and pressure sides are relatively small (at least when compared
to changes seen in the turbulent statistics), but are still not negligible. In
contrast, the quadrant probabilities are almost always in the very good
agreement between reference and controlled cases. In fact, the most
relevant control effect, which is that on Py, for body-force damping, is
limited to a narrow near-wall region.

An interesting feature of the probabilities P, for H = 2 is the
presence of local maxima beyond the 8y, i.e. beyond the average TNTI,
which correspond to the rare tall wall-attached events with very high
Ymax described in the previous section. We will ignore this region of
the domain later on because the description of the complex dynamics
of structures at the boundary between the turbulent and laminar flows
is beyond the scope of the present work.

3.2.2. Structures and wall-normal convection

We will now focus on connections between intense events and wall-
normal convection, which is a key feature of APG boundary layers,
adopting two different perspectives, i.e the average intensities of these
events and their contribution to the mean flow. In Fig. 9, we show the
modulus of the ensemble average of the wall-normal velocity compo-
nent over ejections and sweeps (denoted by V5, and Vg, respectively),
minus the mean wall-normal velocity component, V, and normalized
with the wall-tangential velocity at y9, denoted U,. These conditioned
averages allow a direct comparison between ejections and sweeps. Note
that the normalization in outer units is employed to separate changes
in the ensemble averages and friction velocity.

We observe that the ensemble averages are similar for both 02 and
04, although the latter are slightly lower than the former for every case.
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The adverse pressure gradient on the suction side has various effects.
The most evident one is a higher amplitude of both ejections and
sweeps, and this increase is more prominent for sweeps. In addition,
the maximum of |V, — V| /U, on the suction side is shifted farther from
the wall, at y* ~ 100, while that on the pressure side is located at
y+ =~ 50. Both these effects concur in making the conditional average for
ejections and sweeps more similar to one another on the suction side,
which is perhaps surprising considering the much stronger wall-normal
convection for this case.

Uniform blowing and suction result in higher and lower averaged
intensities, respectively, for both Q02 and Q4, quite consistently at
all wall-normal distances up to a certain location far from the wall.
Beyond y* ~ 100 for uniform blowing and y* ~ 150 for uniform
suction, the corresponding curves are in very good agreement with
those of the reference case. Uniform blowing also moves the maxima
of [V = VI/U, and [V, = V|/U, closer to the wall, while suction
moves them farther. This small effect is another instance of blowing and
suction departing from the similarities with the adverse and favorable
pressure gradients, respectively. Body-force damping modifies these
quantities similarly to uniform suction but at all wall-normal distances.
Note that these qualitative observations also hold for the inner-scaled
conditional averages, except for body-force damping, in which case
V2 = VI/u, and |V, — V| /u, are higher than that of the reference case
(not shown here).

The conditional averages, V¥, and the quadrant detection proba-
bilities, P, determine the fractional contributions to the wall-normal
mean velocity, denoted by V>. The fractional contributions, shown in
Fig. 10, are defined as the conditional averages multiplied by their
respective probability of occurrence, i.e. V; = PyV,. These are addi-
tive quantities, since the sum of all the contributions gives the total
contribution from intense uv events, i.e. V7 = VQ>l + VQ>2 + VQ>3 + VQ>4,
and the difference between mean velocity and fractional contribution
from intense events, V' — V7, is the contribution to V' from the portion
of the flow not included in coherent structures.

For every case, the contributions from ejection and sweeps are
by far more relevant than those from Q1 and Q3, which is a direct
consequence of the low values of Py, and Pq;. Pressure-gradient effects
are evident on both VQ>2 and VQ> ,» but more significant on the latter.

The contribution of intense ejections, VQ>2, (which is positive) is in
good agreement between suction and pressure sides up to y* ~ 60,
but it becomes significantly higher for the suction side farther from
the wall. This behavior is due to the changing equilibrium between
probabilities of detection and intensities. The conditional average Vo,
is always higher on the suction side, and P, is higher on the pressure
side, but their relative proportion changes. On the one hand, below
¥yt~ 60, Ve is similar in both suction and pressure sides, and P,
is high enough on the pressure side so that VJ, is in good agreement
between the two. On the other hand, beyond y* ~ 60, both Vo and
Py, increase significantly on the suction side, eventually resulting in a
higher fractional contribution.

The contribution of intense sweeps, VQ>4, (which is negative) is lower
than that of ejections far from the wall in all cases, but higher near
the wall, which is due to the shape of Pgy,. The APG has stronger
effects on V7, than on V3, because it increases both sweeps detection
probability, P4, and their conditional average, V,, of higher amounts
than those of ejections, P, and V4,. Subsequently, the contribution VQ> f
is of higher intensity for the suction side at all wall-normal distances
but in particular above y* ~ 10.

The various effects on the quadrant contributions result in an inter-
esting discrepancy between the total contributions from intense events,
V., for suction and pressure sides. This contribution is negative near
the wall (y* < 15) and in good agreement between both sides because,
in this region, |V>4| is higher than |VQ>2|. Farther from the wall, between
yt = 15 and y* =~ 100, V becomes positive for both pressure
and suction sides, but it is higher for the pressure side, even though
the mean wall-normal velocity is already much lower on this side.
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Fig. 10. Fractional contribution to the wall-normal velocity for (left) Q1 and Q2, (center) Q3 and Q4, and (right) all intense events. In the left and center figures, Q2 and Q4 are
denoted by solid lines, and Q1 and Q3 are denoted by dashed lines (the range of the vertical axis is the same in both figures). In the right figure, the solid and dashed red lines
denote the mean wall-normal velocity for suction and pressure sides, respectively. Note that the region above &y, is not shown. Color code described in Table 1. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Furthermore, V> is as high as many times V' for the pressure side but
only a fraction of V than on the suction side. This behavior is due to the
higher amplitude of the contribution from sweeps on the suction side,
and it unveils a qualitative difference between ZPG and strong-APG
boundary layers. In the first ones, the almost negligible wall-normal
convection results from a balance between intense events and the other
portion of the flow because ejections are dominant among coherent
structures and V> has high values. In the latter ones, intense sweeps
reduce V7 and the portion of turbulent flows not included in coherent
structures is aligned with the mean V. Even farther from the wall, for
y* > 100, V> on the suction side eventually becomes higher than that
on the pressure side but remains much lower than the corresponding
V.

Following the modest control effects on Pq and Vg, V.7 is in rela-
tively good agreement between the uncontrolled and controlled cases,
with minor changes on the contributions. All control strategies tend to
have a higher impact on ¥, than on V, below y* ~ 100, and V,;
follows V3,. On the one hand, uniform blowing further increases VQ>2,
and |V, | below y* % 50, decreasing V,;, below y* ~ 50 and increasing it
at higher wall distances. On the other hand, uniform suction and body-
force damping reduce |VQ>4| resulting in higher V7 in most wall-normal
distances.

4. Discussion and conclusion

In the present paper, we studied coherent structures defined as
intense Reynolds-stress events in the turbulent boundary layers devel-
oping on the suction and pressure sides of a NACA4412 airfoil with
moderate angle of attack at Re, = 200,000, including three cases with
different control techniques applied on the suction side. The pressure
side corresponds roughly to ZPG conditions.

The adverse pressure gradient on the suction side has many ef-
fects on coherent structures. Intense events are smaller than on the
pressure side and shorter in particular, both in terms of local boundary-
layer thickness and viscous length scale. Furthermore, large structures
attached to the wall are less likely to appear and occupy a lower
fraction of the total volume of coherent structures on the suction side.
In contrast, detached structures become more common and larger. The
quadrant distributions, i.e. the proportions of velocity fluctuations with
opposite signs, are also affected by the pressure gradient. Both on
suction and pressure sides, ejections are the dominant type of intense
Reynolds-stress events, which is a well-known feature of wall-bounded
turbulent flows. Still, they are less important in the adverse-pressure-
gradient boundary layer, while sweeps become more relevant. Interest-
ingly, the differences observed between tall-wall-attached objects and
intense ejections on suction and pressure sides are more apparent in

their sizes than in the probability of occurrence. This fact suggests
that the pressure gradient also affects the evolution of these structures
significantly.

We also found that the coherent-structure contributions to the mean
wall-normal velocity component are qualitatively different between
suction and pressure sides. A distinctive characteristic of adverse-
pressure-gradient boundary layers is the mean wall-normal convection,
which is significantly more intense than in zero-pressure-gradient cases.
In the zero-pressure-gradient boundary layer, the prevalence of ejec-
tions in the outer layer leads to a positive contribution to wall-normal
convection from intense events in that region. This contribution, how-
ever, is balanced by the portion of turbulent flow not included in
coherent structures, resulting in low mean velocity in the wall-normal
direction, similarly to channel flows. In the adverse-pressure-gradient
boundary layer, fluctuations are more intense in general, but sweeps are
larger and partially balance ejections. Subsequently, the contribution to
wall-normal convection from structures is only a fraction of the total
mean velocity, and, contrary to zero-pressure-gradients cases, the flow
not included in coherent structures also gives a positive contribution to
the mean.

We examined control strategies with relatively low actuation in-
tensities, which modify the integrated skin friction by approximately
10% in the control region (the local relative change is higher closer
to the trailing edge, where ¢, is lower). Control effects on coherent
structures are less evident than those on the turbulent statistics. This
general observation is probably not surprising for uniform blowing
and suction, which use a predetermined actuation, not dependent on
the instantaneous flow. Similarly, although it is employed as a model
for opposition control, body-force damping does not target specific
events, e.g with velocity fluctuations above a certain intensity or with
a particular sign. Under these circumstances, control effects are mainly
apparent in the mean-flow properties, and coherent structures are sim-
ilar in uncontrolled and controlled cases. Nevertheless, we were able to
determine that intense events are slightly shorter in the case of blowing
and slightly longer for suction. Uniform blowing also increased the
volume fractions of tall wall-attached structures and ejections, similarly
to an even higher adverse-pressure gradient. Interestingly, uniform
suction does not always have effects opposite to those of blowing, e.g. it
reduces the volume fraction of tall wall-attached structures. Body-force
damping has a very distinct impact, decreasing the volume fraction of
large attached structures by an even higher amount than blowing or
suction, and the probability of intense sweeps in the near-wall region.

Overall, our results show that intense Reynolds-stress events, de-
spite the fact that they play an important role for momentum transfer
and thus turbulence regeneration, are not significantly affected by
predetermined control strategies, which are not specifically aimed at
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modifying them. The fact that this observation holds for body-force
damping as well, shows that they are also not very sensitive to modifi-
cation of the near-wall region. It appears that coherent structures based
on Reynolds-stress events will be significantly affected only by control
strategies that target them directly, potentially employing sensors to
determine when to modify the flow. Another possibility is to consider
a different body-force-damping actuation targeting only fluctuations
above a certain intensity. It would also be interesting to explore to what
extent the control methods based on directly modifying the near-wall
cycle, such as oscillating walls, affect the coherent structures.

An open question that we could not investigate is to which extent
a higher Reynolds number would affect our results. On a very general
point of view, the effects of both adverse pressure gradients and the
control strategies that we considered become less pronounced when
the Reynolds number increases and other conditions are kept con-
stant (Vinuesa et al., 2018; Atzori et al., 2021b). This suggest that our
observations on the relatively small impact on control on structures will
not change. It is also reasonable to assume that structures in the outer
region of the boundary layer will become progressively more relevant
as the Reynolds number increases. There is however not enough data
available in the literature for APG TBLs at high Reynolds number and
with control, making it difficult to make hypothesis in this direction.

A second open question is how our results can be related to those
using different methodologies for the study of coherent motions in
wall turbulence. The sort of analysis employed here does not provide
direct indications on the dynamic connections between different types
of events or their evolution. Using spectral analysis to investigate the
effects of blowing and suction on a similar data set but at Re, =
400,000, Atzori et al. (2021b) suggested that convection of small-scale
structures play an important role in increasing fluctuation intensity far
from the wall. On the other hand, Fan et al. (2022), using empirical-
mode decomposition (EMD (Huang et al., 1998)) on the same cases,
reported that the most relevant control effects on turbulent fluctua-
tions originate from large-scale interactions. These results suggest that
it could be beneficial to focus selectively on the properties of the
homogeneous-flow regions at different scales, rather than of different
intensities. However, a robust definition for instantaneous large-scale
or small-scale structures in the context of rapidly-evolving flow such as
intense adverse-pressure-gradient turbulent boundary layers remains a
challenging task. Including tracking in time in the analysis of intense
events could also be beneficial (Lozano-Durdan and Jiménez, 2014),
but it requires ad-hoc implementations to avoid prohibitively high
computational costs.
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