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Chapter 6

Impact of harmonic inflow oscillations
on the size and dynamics of the
separated flow over a bump

Part of this section has been published in Marbona, Rodriguez, Martinez-Cava, and Valero
(2024). Impact of harmonic inflow variations on the size and dynamics of the separated flow
over a bump. Phys. Rev. Fluids, 9, 053901.

In a multi-stage turbine configuration, the flow dynamics on the suction side of low-pressure
turbine (LPT) blades are further complicated by the inherent unsteadiness. This is due to the
periodic passage of wakes shed by upstream blade stages, which disturb the flow conditions in
downstream passages. These disturbances trigger the formation of strong vortical structures
that pull fluid from the downstream recirculation region, temporarily reducing the extent of
flow separation. Over time, the separation bubble regenerates and grows until it stabilizes or
is again influenced by the next incoming wake. As a result, the transition to turbulence is
driven by a combination of periodic free-stream flow fluctuations and the inherent instabilities
within the separated flow (Hodson and Howell, 2005).

Wake-induced transition is highly sensitive to the combined effects of the adverse pressure
gradient, as well as the intensity, temporal variability, and frequency of inflow free-stream
fluctuations. Numerous studies have explored how the wake-passing period influences the
length of the separated flow region. These studies have modeled the periodic wake passage
either as a localized inlet velocity deficit in both space and time (Coull and Hodson, 2011;
Gungor et al., 2012; Karaca and Gungor, 2016; Volino, 2012) or as a harmonic variation in
the cross-sectional inlet conditions (Lou and Hourmouziadis, 2000; Wissink and Rodi, 2003;
Wissink, 2006). Despite differences between the two modeling approaches, their results are
qualitatively consistent regarding the effects of wake-passing frequency and intensity on the
flow.

A dimensionless frequency F', commonly referred to as the reduced frequency, is defined using
the characteristic free-stream velocity U and a streamwise length L. It is expressed as a
representative of the extent of the adverse pressure gradient region in the absence of wakes
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at which F' = f;,,L/U, where f;, is the dimensional wake-passing frequency. The reduced
frequency represents the ratio of the convective time scale to the period of the imposed
free-stream variations. Ambiguity arises in the practical characterization of F: First, the
length of the steady-flow separated region depends on the specific problem and is typically
determined a posteriori. Alternatively, other definitions of L are commonly used in the
literature, such as the length of the low-pressure turbine (LPT) blade or flat plate employed
in experiments (e.g. Coull and Hodson (2011), Lou and Hourmouziadis (2000), and Wissink
(2006)), as these can be measured more precisely. Second, under unsteady inflow conditions,
both the free-stream velocity and the streamwise pressure gradients vary continuously, often
deviating significantly from their steady-flow counterparts. Due to these uncertainties, the
focus in discussions of the physics is often on the order of magnitude of F' rather than its
precise value.

Wake-passing reduced frequencies F' close to but slightly lower than 1 are representative of
aero-engine LPTs (Coull and Hodson, 2011). For low F, the wake passing period is long
compared with the characteristic times of both the KH-related vortex shedding and the
regeneration of the separation bubble; the impact on the time-average separated flow and
aerodynamic performance is expected to be comparatively weak. For F' above 1, successive
wakes pass by the separated flow region before the separation bubble has time to fully
regenerate, which leads to significantly shorter time-averaged bubbles. These observations
agree with investigations on active flow control of separated flows by means of periodic
excitation using wall suction and blowing or geometries with moving parts, reviewed by
Greenblatt and Wygnanski (2000), which conclude that the forcing frequency that minimises
the size of the separated flow is F' ~ 1. Interestingly, this frequency is typically lower than
that of the KH instability and scales with the global length of the separated flow rather than
with the local properties of the separated boundary layer.

The chapter studies the separated flow formed over a wall-mounted bump geometry that
reproduces some characteristics of the suction side of a LPT blade under periodic fluctuations
of the inflow stream. Similar geometries have been employed in the past both experimentally
and numerically to study the fundamental physics of separated flow and possible means for
flow control (Bernard et al., 2003; Marquillie and Ehrenstein, 2003; Passaggia et al., 2012;
Pescini et al., 2017; Saavedra and Paniagua, 2018, 2021; Seifert and Pack, 2002). Direct
numerical simulations are performed for ten different inflow conditions. The first case is the
steady inflow in Chapter 3.1.

The other cases study different scenarios of wake-induced transition. The large-scale action of
passing wakes is modeled as a harmonic fluctuation of inflow conditions (total pressure and
bulk velocity) in a manner analogous to references (Lou and Hourmouziadis, 2000; Wissink and
Rodi, 2003; Wissink, 2006). Lou and Hourmouziadis (2000) present results for a single value of
the reduced frequency lying in the limit F' < 1. Wissink and Rodi (2003) considers four cases
with F' ~ 1 — 6 and oscillations of the inflow velocity up to 20% of the mean value. Although
the four cases simulated by Wissink and Rodi (2003) and Wissink (2006) qualitatively recover
the same flow dynamics, they are clearly different from those in the experiments of Lou and
Hourmouziadis (2000), emphasizing the existence of different dynamical scenarios depending
on I’ and possibly on the amplitude of the harmonic inflow oscillations. The main objective
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of the present work is to unveil and fully characterize the possible physical scenarios and their
impact on the size of the separated flow. To cover the parametric space, a matrix of nine
cases is defined with three frequencies and three fluctuation amplitudes. Here, three different
scenarios are expected to be identified.

The remainder of the chapter is organized as follows. Section 6.1 describes the harmonic inflow
boundary conditions with other setups as in Chapter 3.1. Section 6.2 presents and discusses
the results. A qualitative description of the flowfield evolution and mean flow properties
are given in Sections 6.2.1 and 6.2.2. The triple decomposition proposed by Hussain and
Reynolds (1970) is applied to separate flow components that are coherent (in-phase) with the
inflow oscillation from those occurring randomly. Section 6.2.3 describes the phase-averaged
fields for three representative cases. The phase-averaged data provides information on the
impact of the inflow oscillation over the length of the separated flow and how it evolves over
the inflow period, which is discussed in Section 6.3. Section 6.4 presents the flow component
that is incoherent (i.e. uncorrelated) with the inflow oscillation. Monitoring this component
sheds light on the vortex dynamics that ultimately govern the behaviour of the separated
flow. Section 6.5 presents frequency spectra at different probe locations. Section 6.6 provides
a mode decomposition analysis of the weakest, intermediate, and strongest inflow oscillations
using the OVMD technique. In combination, these analyses show that the separated flow
subject to inflow oscillations can present three different scenarios regarding the flow dynamics
and their impact on the length of the separated flow region. These scenarios are thus fully
characterized in Section 6.7 and discussed in Section 6.7, along with their connection with
active flow control strategies.

6.1 Harmonic inflow boundary condition and setup

The details computational mesh and boundary conditions are as in Sections 3.1.1 and 3.1.2
of Chapter 3. In the harmonic inflow cases, a periodic variation of the total pressure at the
inlet is imposed, while the total temperature remains constant as in the steady inflow case.
The total pressure at the inlet is defined as

e (t7) = Prsteady (1+ Ain sin(27 fi,, (1" = 1)) (6.1)

where Dy steqdy 18 the total pressure of the steady inflow case (pi steaqy = 105,319 Pa), A;;, is the
amplitude of the harmonic oscillation, f7 is a dimensionless frequency, t* is a dimensionless
time and ¢{ is a reference instant. Dimensionless velocity, time, and frequency are as defined
in Chapter 3.

Note that the definition of f* is not the same as the reduced frequency F' discussed earlier.
The definition of F' is based on the representative length of the separated flow region, which
is not known a priori. In addition, the specification of f* based on the unit length simplifies
data temporal sampling and subsequent analyzes. Nine cases with harmonic inflow variation
are considered, comprising three amplitudes (A4;, = 0.01,0.05 and 0.1) and three different
frequencies (f, = 0.5,1 and 2).

m
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6.2 Instantaneous, mean, and phase-averaged flow field
results

Table 6.1 summarizes the different simulations performed in this work, comprising the reference
case that features a steady inflow and nine cases in which the inflow has a harmonic component
of different frequency f; and amplitude A;,. All the harmonic inflow cases use the same
timestep At* = 2 x 107°. The initial transient, different for each case but comprising several
flow-through times, was discarded and the following simulation sampling time ¢},,, = 50 was
collected for the subsequent analysis.

Table 6.1: Summary of the cases simulated, including the definition of the inlet pressure condition,
the characterization of time-averaged and phase-dependent values of the reference
streamwise velocity, and the length of the recirculation region L.

At CFLmaﬂC t?lata Aln fz* az@Ref AU?@Ref LS [Hl] ALS [I’H]
3 x107° 0.9 72.3 - - 1.11 - 0.2782 -

2x107° 0.7 50 0.0 0.5 1.1025 0.0293 0.2782 0
0.7 50 0.01 1 11078 0.0301 0.2780 -0.0002
0.7 50 0.01 2 1.1072 0.0282 0.2625 -0.0157

0.7 50 0.05 0.5 1.1030 0.1467 0.2727 -0.0055
0.7 50 0.05 1 1.1022 0.1467 0.2600 -0.0182
0.7 50 0.05 2 11008 0.1401 0.1966 -0.0816

0.8 50 0.1 0.5 1.0872 0.2929 0.2575 -0.0207
0.8 50 0.1 1 1.0840 0.2961 0.2323 -0.0459
0.8 50 0.1 2 1.0871 0.2772 0.1536 -0.1246

The harmonic change of the inlet total pressure leads to a periodic acceleration and deceleration
of the bulk flow. Due to the relatively long upstream extension of the domain, the inflow
changes reach the bump with a delay. A reference point located just upstream of the bump
(see Fig. 3.9 and Table 3.3) is used to characterize the changes in bulk flow in the bump
region. Figure 6.1 shows the total pressure and the evolution of the streamwise velocity at
the reference point for case A;, = 0.1, f# = 2. The total pressure at this point is used to
define the phase of oscillation ¢ in the analysis performed in the rest of the paper. The phase
¢ = 0° is chosen as the time in which the total pressure is at its mean value and has maximum
positive derivative (i.e. maximum acceleration); ¢ = 90° and 270° correspond respectively to
the maximum and minimum values of the total pressure.

The streamwise velocity also exhibits a sinusoidal behaviour, with the mean value ,,can
remaining the same as for the steady inflow case. A small delay 7} exists between the
maxima and minima of total pressure and streamwise velocity, stemming from flow inertia.
Table 6.1 shows the normalized amplitude of the streamwise velocity fluctuation, Au* =
(Umaz—Umin)/(2Uges). This value is linearly proportional to A;, and the normalized streamwise
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Figure 6.1: Evolution of total pressure and streamwise velocity at the reference point.
velocity at the reference point can be approximated by

u*(t) = u" + Au*sin(2n f; (t* +Ty)). (6.2)

Table 6.1 also shows the mean value of the streamwise length of the flow recirculation region
L, and its relative change with respect to the steady inflow case, ALy = Ly — L steqqy for each
one of the cases with harmonic oscillation inflow. As opposed to Au*, AL, is not proportional
to A;,, indicating that essentially non-linear dynamics govern the separated flow and its
reattachment. The non-linearity is associated with the complex vortex dynamics originated
in the separated flow region and the impact of the flow acceleration and deceleration upon
them, which will be studied in the next sections.

6.2.1 Instantaneous flow fields

Figures 6.2 and 6.3 show the sequence of instantaneous three-dimensional visualizations of
the vortical structures using the Q-criterion Jeong and Hussain (1995) for two extreme cases,
namely (A4;, = 0.01, f = 0.5) and (A;, = 0.1, fi = 2) (see supplementary movies 1 and
2). The isosurfaces, corresponding to the arbitrary value @) = 1000, are colored using the
streamwise velocity. Figures 6.4 and 6.5 show the respective spanwise vorticity fields at
the mid-spanwise plane. In addition to dimensionless time, each subfigure also indicates
the corresponding phase ¢. The three-dimensional visualizations show that the flow is fully
two-dimensional upstream of the bump summit, even in the presence of vortices in the
upstream part of the bump. This rules out the presence of Gortler (Marxen et al., 2009) and
centrifugal global instabilities (Duck et al., 2000; Rodriguez et al., 2013) and ensures that the
flow remains laminar and two-dimensional at separation in all cases.

The first case (A;, = 0.01, f7 = 0.5) corresponds to the weakest inflow oscillations, i.e. lowest
inflow frequency and amplitude, and results in a mean recirculation length virtually identical
to that of the steady case. For this case, Fig. 6.4 shows a continuous shedding of KH vortices
from the separated shear layer followed by a fast transition to turbulence and recirculation of
vortical structures, qualitatively identical to the steady case (cf. Fig. 3.3). However, careful
observation of the separated shear layer upstream of the vortices shows some differences
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Figure 6.2: Q(+) isosurface coloured by streamwise velocity. A;, = 0.01 and f;, = 0.5.
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Figure 6.3: Q(+) isosurface coloured by streamwise velocity. A;, = 0.1 and f};, = 2.

that gradually become more relevant for cases with increasing A;, and f;,. For ¢ = 0° the
reference total pressure starts to increase above its mean value, exerting an acceleration of
the flow along the channel. Due to the increased mass and momentum fluxes, the separated
shear layer is pushed towards the bump wall. As the flow is accelerated, the high vorticity
region associated with the laminar-turbulent transition is also pushed towards the wall. The
maximum inflow pressure occurs at ¢ = 90°, closely followed by the inflow bulk velocity. For
¢ between 90° and 270° the reference pressure is reduced up to its minimum value, imposing
a gradual deceleration of the bulk flow. The separated shear layer moves away from the
wall; the high-vorticity region seems to detach from the wall and the apparent recirculation
region extends farther in the streamwise direction. Finally, when ¢ > 270° the flow gradually
re-accelerates closing the period.

The second case (A, = 0.1, fi = 2) corresponds to the strongest inflow oscillation, i.e. the
largest inflow oscillation frequency and amplitude, and results in a substantial reduction of
the mean recirculation region (ALgs/Lg steqay = —44%). For this case, Fig. 6.5 does not show
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Figure 6.4: Instantaneous spanwise vorticity. A;, = 0.01 and f;, = 0.5.
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Figure 6.5: Instantaneous spanwise vorticity. A;, = 0.1 and f;;, = 2.

a periodic shedding of KH vortices from the separated shear layer, but rather the formation
and release of a big vortex cluster following the harmonic change in the inflow conditions.
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These observations suggest that two closely related but different physical mechanisms are at
play when the inflow has a harmonic time dependence with relatively small A;, and f; . First,
the periodic acceleration-deceleration of the bulk flow modifies the angle of the separated
shear layer through changes in the intensity of the streamwise pressure gradient. The location
of the separation point is nearly unaffected by this. Second, the periodic vertical motion of
the shear layer can impact its hydrodynamic instability properties and the ensuing dynamics
of the KH vortices and the laminar-turbulent transition. As will be quantified later, the
frequency of the KH vortex shedding is distinctly separated from the frequency of the inflow
changes. On the other hand, for relatively large A;, and f; , the organized shedding of KH
vortices from the separated shear layer is replaced by a periodic formation and ejection of large
vortex clusters that is driven by the bulk flow acceleration and deceleration. Intermediate
cases are expected to show a transition from one behaviour to the other, as will be detailed in
the following sections.

With the aim of isolating the shedding of KH vortices from the bulk flow oscillations imposed
by the inlet frequency, the triple decomposition proposed by Hussain and Reynolds (1970) is
applied. This decomposition takes the form

q(m7 t) = Q<w) + (j(il?, t) + q,<33, t)v (63)

where ¢ stands for the mean (time-averaged) flow, ¢ is the oscillatory component coherent
with the inflow oscillation and ¢’ is the incoherent component. The term “coherent” refers to
flow fluctuations that occur in phase with the harmonic changes of the total pressure at the
reference point. As such, the mean plus coherent components are gathered together in the
phase-averaged flow

(g(x, ¢)) = ]1[ > q (w,t¢ + Ti) : (6.4)

n=0 in

where t4 is the time used as the phase reference, f;; is the inlet frequency and N is the
number of periods used in the averaging. The incoherent part of the flow is computed as
¢ (x,t) = q(x,t) — (q(x,t)). The same dimensionless time-lapse was used in the averaging for
the three frequencies f;, resulting in N = 25 for f = 0.5, N =50 for f} =1and N = 100
for fi = 2.

6.2.2 Mean flow fields

Figure 6.6 shows the mean (time-averaged) component of the streamwise velocity field u
for the steady inflow case, the former two extreme cases of inflow oscillations (A4;, = 0.01,

& =0.5) and (A;, = 0.1, f3 = 2), and the intermediate case (A4;, = 0.05, f;;, = 1). The thick
black lines correspond to the time-averaged separation streamline. These results illustrate how
the mean extent of the separated flow is only slightly reduced when the intensity of the inflow
oscillations is mild but reduced considerably for the strongest inflow oscillations. The peak
reversed flow exceeds 20% of the reference velocity for the steady inflow case, and is increased
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up to nearly 50% for (A;, = 0.1,f%,=2). Such intense reversed flow values suggest that, in all
cases, a self-excited vortex shedding is possible originating from an absolute Kelvin-Helmholtz
instability (Avanci et al., 2019; Hammond and Redekopp, 1998).

0 0.1 0.2 0.3 70.4 0 0.1 0.2 0.3 0.4

Figure 6.6: Time-averaged streamwise velocity field - harmonic inflow

Figure 6.7 shows the root-mean-square (r.m.s.) of all flow fluctuations (phase-averaged plus
incoherent components, central column) and of the incoherent component alone (right column).
The r.m.s. of the incoherent component shows intense fluctuations in the downstream part of
the recirculation region, with its peak roughly coincident with the streamwise coordinate of
the peak reversed flow and located on the separation streamline, which are typical features
of laminar separation bubbles. For the case with strongest inflow oscillations, this peak
is displaced inside of the separation streamline, indicating that the flow fluctuations that
are uncorrelated with the inflow oscillations are contained in the recirculation region. This
will be discussed in more detail in Section 6.4. The r.m.s. of the complete fluctuations are
identical to those for the incoherent component for the steady- and weak-inflow oscillation
cases. A gradual departure appears as the amplitude of the inflow oscillation increases, as
the relative intensity of the coherent component increases and becomes dominant. These
fluctuations, then concentrated on the separation shear layer, upstream of the peak of the
incoherent fluctuations, are associated with phase-averaged changes in the shape and size of
the recirculation region. These changes are discussed in the next section.

In addition to the main recirculation region that is formed downstream of the bump, a smaller
recirculation appears upstream of it, analogous to those appearing in forward-facing steps
(e.g. Bowen and Lindley (1977)). While the appearance of this upstream recirculation is
not caused by the inflow oscillations, vortices are periodically released for the cases with
larger A;, that can interact with the main recirculation region. However, self-excited vortex
shedding does not happen in the upstream recirculation, which also remains two-dimensional
as shown in Figs. 6.2 and 6.3.
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Figure 6.7: Root-mean-square (left) and root-mean-square of the incoherent component (right) of
streamwise velocity field - harmonic inflow

6.2.3 Phase-averaged flow fields

Figures 6.8 to 6.10 show the evolution of the phase-averaged spanwise vorticity fields at
the midspan plane for the three representative unsteady inflow cases. The thick black lines
in the figures approximate the separation streamline at each phase. This line is computed
by neglecting the spanwise velocity component in the phase-averaged flow and integrating
dx/{u) = dy/(v) starting at the approximate location of the separation point.

For the case with the weakest inflow oscillation (A4;, = 0.01, ff = 0.5, Fig. 6.8), phase
averaging successfully isolates the shear layer motion that is coherent with the inflow changes
from the KH vortex shedding: the periodic motion of the shear layer towards and apart from
the wall is captured in the phase-averaged field, but no imprint of individual vortices or details
of the subsequent transition are captured. Instead, the phase-averaged shear layer seems to
diffuse as it evolves downstream, occupying the space where vortical structures are identified
in the instantaneous flow. This region extends from the separated shear layer to the wall and
presents a noticeable patch of positive vorticity adjacent to the wall for all phases; the latter
is the imprint of vortical structures that are recirculated in the separation bubble.

The intermediate case (A;, = 0.05, fi =1, Fig. 6.9) shows more clearly the vertical flapping
motion of the shear layer. In contrast to the previous case, the positive vorticity region
apparently disappears for phase angles corresponding to the bulk flow acceleration (¢ ~ 0°
in the figure) and becomes more intense around the peak deceleration (¢ ~ 180°) where the
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Figure 6.8: Phase-averaged spanwise vorticity. A;, = 0.01 and f;;, = 0.5.
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Figure 6.9: Phase-averaged spanwise vorticity. A;, = 0.05 and f};, = 1.

wall-normal extension of the recirculation region is larger.
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Figure 6.10: Phase-averaged spanwise vorticity. A;, = 0.1 and f;; = 2.

Finally, Fig. 6.10 shows the phase-averaged vorticity for the case with strongest inflow
oscillations (A4;, = 0.1, f = 2). The phase-averaged field recovers the periodic formation
and release of large patches of spanwise vorticity, coherent with the harmonic change of the
bulk velocity. Phase ¢ = 270° corresponds approximately to the conditions of minimum bulk
velocity; for this phase, a vortex of size comparable to the bump is clearly defined downstream
of the bump summit. As the flow re-accelerates, the vortex is released (¢ ~ 0°) and advected
downstream pushing the separation shear layer towards the wall, sensibly reducing the length
of the separated flow region. Concurrently with this, a smaller two-dimensional vortex is
formed upstream of the bump for 270° < ¢ < 45°, which is shed at ¢ ~ 45° and reaches the
bump summit at ¢ ~ 90°. This vortex interacts with the separated shear layer giving rise
to two coherent vortices (¢ ~ 180°) that subsequently break down into smaller structures,
as shown in the instantaneous flow visualization of Fig. 6.5. However, the phase-averaged
field does not capture the evolution of these vortices after ¢ ~ 225°, indicating that their
dynamics are chaotic and not reproduced from cycle to cycle. Comparing the instantaneous
and phase-averaged fields (respectively Figs. 6.5 and 6.10), it is observed that the vortical
structures originated by the upstream vortex are completely entrapped in the recirculation
region and contribute to its re-generation.
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6.3 Impact of the inflow conditions on streamwise ac-
celeration and length of the separated flow

The phase-averaged fields provide relevant information regarding the impact of the harmonic
inflow changes on the streamwise flow acceleration and deceleration and the resulting length
of the separated flow region.

In order to quantify the phase-dependent streamwise acceleration, the dimensionless parameter

(5 @00 = egy (2o ) 2 ) ) (65)

is used, that can be further divided into two contributions: the contribution from the local
flow acceleration

0
(Koujon (,0)) = <u3 (Zs,¢) ug ¢)> (6.6)
and the convective acceleration
0
(Kouor (@, 6)) = <u2 (;d)) U(af; ¢)>. (6.7)

This parameter was introduced by P. R. Spalart (1986a) as a pressure gradient parameter
in studies of flow relaminarization under favorable pressure gradients (KX > 0) but it is also
used to quantify the flow deceleration associated with an adverse pressure gradient (K < 0)
(Ambrogi et al., 2022; Dellacasagrande et al., 2020; Saavedra and Paniagua, 2018; Suzen et al.,
2003) in boundary layer flows. In the ideal scenario of a boundary layer that is unbounded
on the wall-normal direction, the free-stream value of the streamwise velocity would be used
and Bernoulli’s equation would relate it directly to the streamwise pressure gradient. In the
geometry used herein, the upper wall of the channel prevents using this definition. As an
approximation to the free-stream velocity, the streamwise velocity at the plane y = 0.1 m
is used, which corresponds approximately to the midpoint between the bump summit and
the upper wall. The streamwise velocity on this plane is expected to be less affected by the
instantaneous vortical structures and viscous effects on the separated flow region, though the
irrotational flow is strictly not attained. Figure 6.11 shows the spatio-temporal evolution of
the phase-averaged acceleration parameter (K), for the three representative cases of harmonic
inflow oscillation. The steady inflow case is also shown for comparison.

For the same cases, Fig. 6.12 shows the temporal evolution of the dimensionless streamwise
skin friction at the mid-span plane, defined as

(Tw(z, 9))
Dt (mreﬁ ¢) - D (mTeﬁ ¢> ’

Cf (x,¢) = (6.8)
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Figure 6.11: Contours: Phase-averaged streamwise acceleration parameter at y = 0.1 m. Green
lines: angle of the streamline at the separation point I' corresponding to the phase-
averaged component (solid line), the mean component (dashed) and the steady inflow
case (dashed-dotted)

where @,.; corresponds to the location of the reference point (cf. Table 3.3). The phase-
averaged location of the separation and reattachment point are also shown in the figure,
illustrating the streamwise length of the main recirculation region.

The steady inflow case shows the flow acceleration-then-deceleration distribution generated
by the bump. The minimum K value is obtained at x ~ 0.35 m, which is coincident with the
location of minimum Cf. The time-averaged reattachment occurs a short distance downstream
and can be identified as the coordinate where the skin friction changes from negative to
positive. The streamwise acceleration parameter is still negative at reattachment, illustrating
that the reattachment originated from unsteady flow entrainment rather than the action of a
streamwise flow acceleration. Case (A;, = 0.01, f} = 0.5) shows the same features as the
steady inflow case, with a small amplitude modulation that follows the inlet frequency.

The cases with increasingly stronger/faster inflow oscillations exhibit a pattern of phase-
dependent deceleration-acceleration localized in the reattachment region that is repeated with
cach period. For the intermediate case (A;, = 0.05, f7 = 1), the minimum value of (K) occurs
for ¢ ~ 180°, coincident with the peak bulk flow deceleration. As the flow re-accelerates for
¢ > 270°, the region of negative (K) is displaced downstream and reduced in size. Then, for
the peak acceleration phase ¢ = 0°, (K) is positive around the time-averaged reattachment
point. This evolution of (K) is followed by the Cf distribution. At ¢ = 0°, the reattachment
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Figure 6.12: Phase-averaged skin friction at the mid-span of the bump surface. Left: A;, = 0.01,
» = 0.5. Center: A;, = 0.05, f;; =1. Right: A;, = 0.1, f = 2. The location of
the phase-averaged separation and reattachment points is shown as a green dot for

each discrete phase value

point is located around x = 0.25 m; reattachment moves downstream gradually for increasing
¢, resulting in a longer recirculation bubble. During the flow re-acceleration, a new region of
positive skin friction is formed upstream of the region of minimum Cf, implying that a large
coherent vortical structure has been released and a new one is being formed.

Finally, the case (A;, = 0.1, f# = 2) shows new distinct features both in the acceleration
parameter and the skin friction. For relatively elevated values of A;, and f}, the local flow
acceleration (K,/a) becomes comparable to the convective one. In consequence, (K) is
alternatively positive or negative during about half of the period. The peak deceleration is now
displaced to the later phase ¢ ~ 275°. However, its peak magnitude is increased substantially
with respect to the case (A;, = 0.05, f = 1), and as a result the same negative values of
(K) are reached before in the period. For instance, case (A;, = 0.05, f = 1) presents the
minimum (K) value —24.74 x 1075 at ¢ slightly above 180°, while this value is attained in
case (A, = 0.1, f7 = 2) already at ¢ = 135°. The intense periodic acceleration-deceleration
influences the Cf distribution notably, involving the formation of multiple recirculation regions
that are related to the advection of the coherent vortex clusters shown in Fig. 6.10. Cross-
comparison of the streamwise acceleration and skin friction (cf. Fig. 6.11 and 6.12) suggests
that the formation and release of the large vortical structures in the coherent flow component
are associated to surpassing a threshold negative value of the acceleration parameter (K).
The reasons for this will be further discussed in later sections.
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Figure 6.11 also shows the angle of the separation streamline with the z-direction at the
separation point corresponding to the phase-averaged flow, the mean flow and the steady
inflow case. Under steady flow conditions, a direct relation exists between the streamwise
pressure gradient (K'), the gradient of the wall shear (OCf/0x) and the separation angle I'
(Lighthill, 1963):

__p(ot
tanT' = B(@x /K)S, (6.9)

where B is a dimensionless constant and the subscript s refers to the separation point. This
dependence of I' on K and Cf together with the complex dependence of the latter on the
harmonic inflow oscillations anticipates that the separation angle has a strongly nonlinear
behavior. The steady inflow case presents a mean angle I' ~ 6 deg. Following the periodic
changes in (K), the shear layer moves towards and apart the wall which translates in a
reduction or increase of the streamline angle at separation. For increasingly stronger inflow
oscillations, the mean separation angle is reduced and its oscillation amplitude increased.
In line with the phase-averaged oscillations of the separated shear layer already discussed,
the separation angle oscillations become substantial for the strongest inflow oscillation case
(A;n = 0.1, fi = 2) and a phase-delay appears between the extreme values of (K) (positive
or negative) and the angle.

The streamwise length of the recirculation bubble L, is computed at each phase ¢ as the
distance between the separation point near the bump summit and the first reattachment point
downstream, that are highlighted as green dots in Fig. 6.12. Due to the fine discretization
of ¢, the black dots visually form nearly continuous lines. Figure 6.13 shows the probability
density function (PDF) of (L) for all the simulated cases. The time-averaged length for
each case and the time-averaged length for the steady inflow case are also shown. Table 6.1
tabulates the numeric values. Cases with relatively low values of A;, and f;, (towards the
upper left panels of the figure) show that the recirculation length remains close to that of
the steady inflow case with a very narrow distribution range. As A;, or f are increased
individually (e.g., A;, = 0.05, f# = 1), the PDF becomes significantly broader, indicating
large changes in (L) over the period. The time-averaged recirculation length is reduced in
all cases, but the distribution is not centered around it and the length at some phases can
be substantially longer or shorter than L seqq,. This intense temporal variation of (L) is
expected to be associated with periodic changes in the aerodynamic forces exerted on the
bump, which may be highly undesirable in the practical scenario of a low-pressure turbine
(Curtis et al., 1997). Finally, the cases with larger values of A;, and f}, (towards the bottom
right panels of Fig. 6.13, and particularly A;, = 0.1, f = 2) present a PDF which is again
centered on the mean L, value. This value is remarkably reduced with respect to L steqdy-
Notably, the PDF tail falls to zero for recirculation lengths below Lg steqdy, implying that
the separation length is reduced for all phases, including those in which the bulk flow is
decelerated. This is also relevant in practical scenarios, as the detrimental effects of flow
separation would be consistently reduced with respect to the steady inflow case.
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Figure 6.13: Probability density function of the phase-averaged recirculation bubble length (Ls).
(- - -) time-averaged value; (----) time-averaged for the steady inflow case, L steady-

6.4 Incoherent vorticity and vortex dynamics

The phase-averaged results in the previous section illustrate the overall dynamics of the shear
layer and the behaviour of the separated flow on account of the harmonic inflow changes.
The length of the recirculation region and the impact of the inflow oscillation frequency and
amplitude are, in turn, a consequence of changes in the vortex dynamics induced by the
transient changes in the streamwise acceleration. For comparatively low values of A;, and
fa, vortex rolls are formed at the separated shear layer resulting from the KH instability,

which initiates the laminar-to-turbulent transition. The spread of the shear layer, entrainment
of fluid into the recirculation region and ultimately flow reattachment are governed by the
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complex dynamics of these vortices. These processes are not captured by the phase-averaged
fields, which only recover their consequences.

For low f7 , the characteristic period in which the shear-layer motion occurs is much longer
than the characteristic time for the formation and advection of the vortices, as will be shown
below. In consequence, the vortex dynamics are completely recovered in the incoherent
flow component ¢’ of the triple decomposition. The vortices are formed and initially move
along the separated shear layer, whose motion is captured by the phase-averaged component.
To separate the vortex dynamics from the shear-layer motion, the following procedure is
adopted. First, an orthogonal curvilinear coordinate system (£, ) is defined, as shown in Fig.
6.8. The line n = 0 corresponds to the phase-averaged separation streamline and ¢ is the
curvilinear coordinate measured along it. Then, an inverse transformation is performed to
map the curvilinear-coordinates grid points to cartesian coordinates with the streamline as
the centerline axis. Details of the inverse transformation process are described by Legleiter
and Kyriakidis (2006).

This shear-layer fitted system of coordinates is inspired by the one used by Himeno et al.
(2021) to study the vortex dynamics along the steady shear layer formed within a slat cove.
In the present case, the curvilinear coordinates depend on the phase angle, following the
motion of the phase-averaged separation streamline. Figure 6.14 shows the total (left column),
the phase-averaged (middle column) and the incoherent (right column) components of the
spanwise vorticity in the curvilinear mesh, for the case representative of the weaker inflow
oscillations (A;, = 0.01, f* = 0.5). Note that the phase-averaged separation streamline
corresponds to the horizontal line 7 = 0, and the bump wall is mapped to a curve line with
1n < 0 whose geometry changes with the phase.

The incoherent component portrays a complex arrangement of vortices typical of a transitional
shear layer (Diwan and Ramesh, 2009; Marquillie and Ehrenstein, 2003; Marxen et al., 2013;
McAuliffe and Yaras, 2009). The process is initiated with the formation of organized pockets
of spanwise vorticity in the initial part of the shear layer. These vortices grow in amplitude as
they travel downstream along n = 0, soon reaching non-linear amplitudes and then interacting
and merging with the recirculating vortical structures adjacent to the wall.

To visualize the spatio-temporal dynamics of these vortices, the incoherent spanwise vorticity
w. at n = 0 is plotted in the (&,t*) plane for the steady inflow case and the three cases
representative of harmonic inflow in Fig. 6.15. Note that w’ is a disturbance superimposed
upon the phase-averaged flow and consequently its positive and negative values do not directly
imply vortical structures rotating both in clockwise and counter-clockwise directions.

The steady inflow case shows the continuous formation of vortical structures of similar
amplitude and apparent shedding frequency that propagate downstream at a nearly constant
speed along the mean shear layer. With the choice of contour levels used, they become
observable around ¢ = 0.1 m, which for the steady case corresponds to z ~ 0.2 m. Case
(A, = 0.01, f% = 0.5) presents a very similar picture, but the location where the vortical
structures are first seen now oscillates very mildly following the inflow phase; bulk flow
deceleration displaces the observable incoherent vorticity upstream and wvice versa. The
modulation of the vortex shedding location is increased by increasing either A;, or f.
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Figure 6.14: Triple decomposition of spanwise vorticity. A;, = 0.01 and f;;, = 0.5.

The intermediate case (A;, = 0.05, fi = 1) presents an additional feature for certain regions
of the (&, ¢) plane. As in the previous cases, regular periodic positive and negative streaks
of vorticity are visible, with their initial £ location following the inflow fluctuation phase.
However, for a certain phase range (between ¢ = 37/2 = 270° and ¢ = 27 = 360°) this
pattern is replaced by a “wedge” of distinct behaviour, as schematized in the corresponding
panel of Fig. 6.15. The wedge originates at the phase ¢ ~ 3w/2, for which w/ reaches
observable amplitudes sensibly upstream than for the preceding phases. From this point, two
rays depart at different downstream speeds that enclose a region where the vorticity presents
a disorganized behaviour.

The wedge’s origin is coincident with the phase of minimum bulk velocity. This is interpreted
in the following manner: during most of the inflow period, the vortex dynamics follow the same
qualitative picture as for the lower A;, and [} cases, characterized by a regular formation of
KH vortices for which the shedding location follows the inflow phase. At some instant during
the phase-average deceleration (90° < ¢ < 270°), the streamwise deceleration parameter
(K) surpasses a threshold value in the region neighbouring the reattachment point. As a
result, the KH vortices and other shear layer eddies are not released from the rear part of the
reversed flow region but are entrapped in the recirculation region and initiate the formation of
a large cluster of vortical structures. Immediately following the beginning of the acceleration
phase, the large vortex cluster is released, similar to the shedding of leading-edge vortices in
oscillating airfoils (e.g. Lind and Jones (2016)).
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Figure 6.15: Incoherent spanwise vorticity at 7 = 0 for the steady inflow case and the three
representative cases with harmonic inflow.

The vortex cluster is advected downstream during the initial part of the acceleration phase
and subsequently, the regular shedding of KH vortices resumes. In the visualization of the
phase-average flow for this case (Fig. 6.9) a large vortex cannot be clearly discerned, but
the presence of the vortex lump can be inferred by the changes in the streamline curvature
between ¢ = 315° and 360° and by the emergence of a region with positive C/f within the
main recirculation, prior to its release, in Fig. 6.12. The formation and release of a large
vortex cluster is more easily observed by visualizing the complete flowfield (without separating
phase-averaged and incoherent components), as done in Fig. 6.16.

Finally, the incoherent vorticity for the case (A;, = 0.1, f, = 2) does not present a regular
shedding of KH vortices akin to the steady or low inflow frequency cases. Instead, it is
characterized by the continuous appearance of wedges, corresponding to the periodic formation
and shedding of large vortex clusters following the inflow changes. With the large vortex
cluster being recovered in the phase-averaged flow (Fig. 6.10), the incoherent component
consists of smaller size eddies that are trapped and evolve inside the recirculation region
during the deceleration part of the period and are convected downstream when the vortex
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Figure 6.16: (Q(+) isosurface coloured by streamwise velocity. A;, = 0.1 and f}, = 1.

cluster is released. Owing to their chaotic nature, these structures are not repeated from cycle
to cycle and hence are not coherent with the inflow changes, but their presence in the w! field
allows the location and tracking of the coherent vortex clusters.
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6.5 Frequency spectra

Frequency spectra are studied in this section to further the characterization of the impact of
the inflow oscillations on the separated flow dynamics. The procedure for the calculation of
the power spectral densities (PSD) for the steady inflow case is described in Section 3.1.3.
For the harmonic inflow cases, the procedure is adapted to account for the periodic nature of
the data. The sampling parameters are summarized in Table 6.2. To allow for comparisons,
the same averaging period is used for all cases, corresponding to the lowest of the inflow
frequencies, Af* = 0.5. Thus, the averaging is done over segments comprising one inflow
period for f; = 0.5, two periods for f;;, = 1 and four periods for f;; = 2. For all cases, the
PSD is averaged over 25 segments of length 1/Af* =1/0.5 = 2.

Table 6.2: Temporal sampling parameters: Ny: total number of snapshots; At3: time-step between
snapshots used in the analysis; Ngs: number of snapshots per segment.

» N At N Overlap
steady 2 410 000 3x 107 66 666 50%
0.5 50 000 1x1073 2000 0%
1 50 000 1x1073 2000 0%
2 100 000 5x 107 4000 0%

Figure 6.17 shows the spectra of the streamwise and wall-normal velocity components at
Probe 4 (see Fig. 3.9 and Table 3.3). For the steady inflow case, this probe is located just
outside of the separated shear layer at the streamwise location where the first KH vortices
are formed. The spectra for the steady inflow and the weak inflow oscillation (A;, = 0.01,
fx =0.5) cases are identical, presenting a narrowband peak at frequencies f* = 15 — 21 with
a maximum at f* ~ 18 at early stage of separation. As shown in Fig. 3.10, this frequency
corresponds to KH instability and follows accurately the scaling proposed by Diwan and
Ramesh (2009). The intermediate case (A;, = 0.05, f = 1) also exhibits the narrowband
peak corresponding to the KH vortices; the peak amplitude and frequency remain comparable
to that of the steady forcing case, but the sidebands are broader. However, new peaks appear
for the inflow frequency and its harmonics. The f;;, peak has an amplitude that is two orders
of magnitude larger than the peak KH frequency. The spectra for the case with the strongest
inflow oscillation (A;, = 0.1, f%, = 2) also contain the peaks corresponding to the inflow
frequency and its harmonics. However, the narrowband peak corresponding to KH vortices
is not observable in this case. The amplitude for all frequencies is increased above those
corresponding to KH vortices. In consequence, KH vortices could still exist but be shadowed
by other, more energetic, fluctuations.

To shed light on the last point, the PSD of the incoherent spanwise vorticity w’ is calculated
at a location at the shear layer corresponding to & = 0.12 for all the cases simulated and
shown in Fig. 6.18. Left, centre and right subfigures correspond to the lower, intermediate
and higher amplitude of the inlet oscillation A;,, respectively. For each of them, the three
frequencies are shown. The spectra for the steady inflow case are also shown in the three
figures for reference.
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The spectra for the lower A;, cases (Fig. 6.18, left) are qualitatively identical, being dominated
by KH vortices. Roughly the same amplitudes are obtained for the frequencies associated with
the KH vortices for the three values of f;, while the higher frequency range, corresponding to
the turbulent cascade, is found to be slightly more energetic with increasing f;; . Conversely,
the spectral for the intermediate A;, (Fig. 6.18, middle) shows qualitative changes that occur
gradually as the inflow frequency f7 is increased. The amplitude of the KH narrowband peak
is reduced while it is increased for all the other frequencies. For the largest inflow frequency,
fi, =2, the KH peak is not present anymore and the amplitude at the corresponding frequency
is lower than for the cases with KH vortices. This shows that the regular KH vortex shedding
is not shadowed by more energetic fluctuations, but rather eliminated. Individual KH vortices

are still formed in the initial part of the separated shear layer, but in an irregular manner,
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and they are not released from the recirculation bubble but trapped within it and quickly
distorted by their interaction with the fine-grained turbulence. Finally, the spectral for the
largest A;, (Fig. 6.18, right) follows the same trend as the intermediate A;, ones.

The changes observed in the PSD with increasing A;, and f;;, are consistent with the vortex
dynamics discussed in Section 6.4. As the large vortex cluster is formed, most of the vortical
structures present in the separated shear layer get trapped in the recirculation region instead
of being shed and advected downstream. Non-linear interactions between the recirculating
structures lead to their merging and progressive breakdown into smaller structures, which
leads to a more energetic and flatter spectral. In turn, the recirculation of random eddies of
diverse scales prevents the formation of well-defined KH vortices in the separated shear layer.

6.6 Mode decomposition of oscillatory components

This section analyzes the results by decomposing the transient flow fields using Orthogonalized
Variational Mode Decomposition (OVMD), with the aim of isolating phenomena that are
coherent with the inflow oscillations. The data used are extracted and down-sampled from
the simulations and consist of streamwise and wall-normal velocity snapshots spanning
x € [—0.05,0.45] and y € [0,0.106] at the midspan of the domain, discretized into 191 and
37 data points, respectively. The sampling frequency, fi = 250 x f7, exceeds the highest

inflow frequency by two orders of magnitude and the KH shedding frequency by one order of
magnitude.

The multivariate oscillatory component data coherent with the inflow frequency is defined as

a(¢) =(a) —q, (6.10)

where (q) represents the phase-averaged vector field, Eq. 6.4, comprising the spatial topology
of both streamwise and wall-normal velocities, and q denotes its time average. Consequently,
the oscillatory flow component that is coherent with the inflow frequency, q(¢), consists of
250 snapshots of 191 x 37 = 7067 pixels per velocity field (for a total of 14134 channels
per snapshot, following the terminology introduced in Chapter 5). To improve the quality
of the initial and final parts of the time series, the data have been symmetrically extended
by padding segments from the beginning and end, resulting in a total of four periods of
oscillation.

Multivariate POVMD is performed for the weakest, intermediate, and strongest inflow
oscillations, representing each of the scenarios mentioned earlier. The intermediate case
selected corresponds to A;, = 0.1 and f = 1. Each resulting mode, denoted by M to avoid
confusion with the Mach number M, comprises a temporal coefficient ¢ and a spatial topology
(¢), as explained in Chapter 5. The decomposed modes include the spatial topologies for
streamwise v, and wall-normal velocity 1,. For brevity, the spatial topology is represented
using the spanwise vorticity field v,,_, expressed by Eq. (5.24).
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6.6.1 Weakest inflow oscillation: A4;, =0.01, f} =0.5

The energy ratios of the modes and their first fourteen dominant components are presented in
Figs. 6.19-6.21. The energy ratio quantifies the total energy of the streamwise and wall-normal
velocities of the modes relative to the input snapshots. It is defined as

2
= (6.11)

CoolalE

where ¢; is the temporal coefficient of mode-i and ||-]|% denotes the squared Frobenius norm.

The energy of the fluctuation component q, accounts for only approximately 0.2% of the
total energy of the streamwise and wall-normal velocity, ||q||%. The time-averaged component
accounts for 97% of the energy, while the incoherent component q’ represents approximately
2.8%. Most of the dynamics do not correlate with the inflow frequency, suggesting that
the general behavior is qualitatively similar to the steady inflow case. Of this 0.2% energy,
approximately 62% is distributed across fourteen modes, Fig. 6.19.
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Figure 6.19: Energy ratio of modes for the weakest inflow fluctuation - A;, = 0.01, f;; = 0.5

The phase-averaged dynamics are predominantly characterized by a periodic vertical motion
of the separated shear layer, represented by modes 1 and 2 in Fig. 6.20. Together, these
modes account for approximately 40% of the phase-averaged fluctuation energy. The coupling
of these modes and their division into two components arise from the phase lag between
spatial locations, as described in Chapter 5. The movement of the separated shear layer is
relatively weak, does not generate harmonics, and does not produce vortices as a result of its
vertical motion.

The contribution of other modes is significantly smaller compared to modes 1 and 2. Modes
3 to 6 lack a distinctive vortical structure. This lack of coherence likely results from the
phase-averaging process, which forces these modes to merge into certain frequencies.

The presence of Kelvin-Helmholtz (KH) vortices is evident in modes 13 and 14 (Fig. 6.21).
However, these modes do not correspond to the actual KH vortices, as most of the data is
in the incoherent component. Several modes with intermediate frequencies (modes 7 and 8,
as well as modes 11 and 12) are generated, which might represent the nonlinear behavior of
the fundamental KH vortices downstream and/or the inverse energy cascade (Biferale et al.,
2012).

117



Himpu Marbona

Vo,
-5 0 5

Ry — T 0.085
0 v v —

0 180 0 180 0

3
C2 | [ =050 0.085 1
0 \\ / y [m]
; 0
0 180 0 180 0
3
O 0.085 e
0 \// \//\f y [m] B = =
~== = —
D - =
0 L ‘
-30 150 0 150 0 0 0.1 0.2 0.3 0.4
3
¢y | [—f =131 0.085 | | | §
-3 0 :
0 180 0 180 0
3
¢ | [ =310 0.085
0n/1/ v\/\w y [m]
(g ‘ - . S
-30 1% 0 150 0 0 0.1 0.2 0.3 0.4
3
o | [ =315 0.085
USATY \/ymNNAW\p y [m]
0L ‘ — ——
-30 150 0 150 0 0 0.1 0.2 0.3 0.4
3
er | —p =5 0.085
0}t " MW\/WW y [m]
-3 0 :

0 180 0 180 0

3
cs W 0085

0 \J LA/\J/\A/\N\N\)/\\/\/\/\ y [m]

3 0 0

0 180 0 180 0
Bin(°)
Figure 6.20: OVMD modes 1-8, represented by spanwise vorticity, for the Bump with A;, =

0.01, f* =0.5

118



Chapter 6. Impact of harmonic inflow oscillations on the separated flow

ey
0 et o]

3
0 180 0 180
3
cl0 | [— 7 =886
0 W‘”M} JV\/\MWMMJ\PJ\N\
-3 0 0.1 0.2 0.3 0.4

0 180 0 180 0

C11 0.085 [~
0 Wl MMWWMMW v o

S0 180 0 180 0

3
€12 0.085
o b > e
0 L
-3
0 180 0 180 0 0
3
€13 0.085
0 e ¥
O L
_30 180 0 180 0 0
3
€14 0.085
0 et e ¥ (2
-3 (R
0 180 0 180 0 0
¢in(o)
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6.6.2 Intermediate inflow oscillation: A4;, =0.1, f; =1

For the intermediate case selected, A;, = 0.1, f =1, the energy ratios of the modes and the
first twelve dominant modes are shown in Figs. 6.22-6.24. The fluctuations coherent with
the inflow frequency accounts for 8.7% of the total energy, while the mean and incoherent
components represent 88% and 3.3%, respectively. Hence, more than 70% of the fluctuations
are coherent with the inflow oscillation, suggesting that the general behavior is different
to the steady inflow case or the weakest inflow fluctuation. These coherent oscillations are
represented by 12 modes, as shown in Fig. 6.22.

The dynamics are strongly driven by the inflow frequency, as shown by modes 1 and 2 in Fig.
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Figure 6.22: Energy ratio of modes for the intermediate inflow fluctuation - A;, = 0.1, f =1

6.23. These modes account for approximately 90% of the fluctuations in the phase-averaged
data and represent the vertical movement of the separated shear layer. This movement is
more pronounced compared to the weakest inflow oscillation case; however, no large vortices
are visible in these modes.

The second harmonic (modes 3 and 4) and the third harmonic (modes 5 and 6) capture
the complex behavior of the vertical movement of the separated shear layer. Specifically,
these modes illustrate how the separated shear layer shifts spatially at varying phases and
speeds, contributing to the formation of large vortical structures. The large vortex formation
becomes evident in the third harmonic modes. This behavior aligns with expectations, as
vortex clusters predominantly appear during the end of the deceleration phase and the early
stage of the acceleration phase (see Fig. 6.16 at ¢;, = 252°-360°). Outside of this period, the
impact of the third harmonic, particularly in the large vortex region, is reduced and surpassed
by the contributions from other modes.

The motion of the separated shear layer significantly alters the fundamental frequency of
the Kelvin-Helmholtz (KH) vortices. The KH vortices appear only when the bulk velocity
gradient is small, i.e., when the bulk flow transitions between acceleration and deceleration.
These vortices are manifested as two phase-localized phenomena, represented by mode pairs
9-10 and 11-12.

At the end of the acceleration stage, when ¢;, = 90°, KH vortices are generated with a
frequency f¥ of approximately 13, corresponding to modes 11 and 12 in Fig. 6.24. These
modes are accompanied by their subharmonic modes (modes 7 and 8), which induce vortex
pairing. During this stage, the previous vortex cluster has been released downstream, while
the formation of a new vortex cluster has not yet begun. Consequently, some of the vortex
pairs are convected downstream and are not entrapped in the recirculation region, see Fig.
6.16 at ¢, = 72°-108°. Once the new vortex cluster begins to form, the fundamental modes
diminish, while the subharmonic modes decrease in both magnitude and frequency. These
reductions slow the downstream flow and trap the vortices within the recirculation region
until they are collectively released with the large vortex.

Towards the end of the deceleration stage, when ¢;, = 270°, KH vortices are generated with
a frequency fr of approximately 10, corresponding to modes 9 and 10. Before the release
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Figure 6.24: OVMD modes 9-12, represented by spanwise vorticity, for the Bump with A4;, =
0.1, fr =1

of the large vortex cluster, these vortices remain trapped within the cluster. However, after
the release, some of these vortices are convected downstream individually, as the process of
forming a new vortex cluster has not yet begun, see Fig. 6.16 at ¢;, = 288°.

6.6.3 Strongest inflow oscillation: A;, =0.1, f! =2

For the case of the strongest inflow fluctuation, A;, = 0.1 and f, = 1, the energy ratios of the
modes and the first fifteen dominant modes are presented in Figs. 6.25-6.27. Oscillatory data
coherent with the inflow frequency accounts for approximately 9.5% of the total energy, while
the mean flow and incoherent components contribute 87.5% and 3%, respectively. The energy
associated with these coherent oscillations is distributed across fifteen modes, as illustrated in
Fig. 6.22.

The dynamics are predominantly influenced by the inflow frequency, as indicated by modes 1
and 2 in Fig. 6.26. These modes contribute approximately 80% of the fluctuations in the
phase-averaged data and correspond to the vertical motion of the separated shear layer. This
motion is more pronounced than in the intermediate inflow case. Notably, these modes alone
are sufficient to capture the periodic formation of a large vortex that is more intense and
spans all inflow phases, as opposed to the intermediate inflow oscillation case.

The second harmonic (modes 3 and 4) and the third harmonic (modes 5 and 6) capture the
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Figure 6.25: Energy ratio of modes for the strongest inflow fluctuation - A;, = 0.1, f; =2

intricate dynamics of the vertical motion of the separated shear layer, revealing how the
separated shear layer oscillates spatially at varying phases and speeds to form the large vortex
cluster. The third harmonic modes exhibit phase locality, becoming suppressed near the end
of the deceleration phase and the early part of the acceleration phase (¢;, = 245°-360°). This
phase locality of the third-harmonic pair results in a slower advection of the large vortex
cluster, allowing the reattachment point to remain farther upstream for a longer duration. The
varying advection speed of the vortex cluster is evident from the phase-averaged reattachment
points shown in Fig. 6.12. This phenomenon contributes to a more concentrated probability
density function (PDF) with reduced skewness of the phase-averaged recirculation bubble
length, as shown in Fig. 6.13.

Another mode pair appears as the third-harmonic modes weaken. Modes 7 and 8 have a
different topology compared to the third harmonic and exhibit noticeable time coefficients
during the early acceleration stage. These modes form a pair, as the phase difference and
spanwise vorticity suggest that they appear as two modes due to phase lag in the spatial shape.
The modes represent two phenomena: (i) the ejection of KH vortices from the separated
shear layer into the large vortex cluster, and (ii) the mixing of multiple vortices within the
vortex cluster to form a single, stronger cluster. The mixing of vortices in the large vortex
cluster distinguishes this case from previous ones and plays a crucial role in creating a more
intense and compact vortex, resulting in a significant reduction in mean separation length.
This mixing also effectively increases the root-mean-square velocity within the recirculation
region (Fig. 6.6).

At the transition from the acceleration stage to the deceleration stage, when ¢;, = 0 — 180°,
KH vortices are generated with a frequency f of approximately 14, corresponding to modes
11 and 12 in Fig. 6.27. These modes are accompanied by their second harmonic modes
(modes 14 and 15) as well as other intermediate-frequency modes: modes 9-10 (lower than
the fundamental frequency) and mode 13 (higher than the fundamental frequency). Most of
the generated vortices are entrapped in the recirculation region as the process of creating a
new vortex cluster begins. The energy cascade, along with modes 7 and 8, later contributes
to the mixing process within the vortex cluster.
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6.7 Classification of the harmonic inflow cases

Table 6.3 shows the correspondence between the simulated cases and the scenario observed
for the vortex dynamics. This classification is based on cross-comparing the time histories of
the phase-averaged streamwise acceleration parameter (Fig. 6.11), the incoherent spanwise
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vorticity along the phase-averaged shear layer (Fig. 6.15), the PDFs of the phase-averaged
length of the separated flow region (Fig. 6.13), the frequency spectra 6.18, and the OVMD
modes Section 6.6. For reference, the evolution of the three-dimensional flow represented as
in Fig. 6.16 is also checked.

Table 6.3: Classification of the cases. Minimum values of the time-averaged and phase-averaged
streamwise acceleration parameter and reduction of the time-averaged length of the
separated flow region. The first row corresponds to the steady inflow case

(3

Am f* Ain ;L <K > min < Kau/aaz >min < Kau/at >min ALs/-[/s,steadg,/ Scenario

x 1076 x 1076 x 1076
0.01 0.5 0.005 -12.44 -13.22 -2.37 0 (1)
0.01 1 0.01 -13.60 -13.96 -2.44 -0.0007 (1)
0.01 2 0.02 -22.43 -24.45 -4.51 -0.0564 (ii)
0.05 0.5 0.025 -16.71 -16.04 -6.46 -0.0198 (1)
0.05 1 0.05 -24.74 -22.20 -11.53 -0.0654 (ii)
0.05 2 0.1 -36.12 -39.93 -22.87 -0.2933 (iii)
0.1 0.5 0.05 -23.34 -22.75 -12.82 -0.0744 (ii)
0.1 1 0.1 -36.44 -36.14 -22.61 -0.1650 (ii)
0.1 2 0.2 -53.37 -50.99 -40.87 -0.4490 (iii)

The table shows, for each simulated case, the minimum values of the acceleration parameter for
the corresponding time-averaged flow K, the phase-averaged flow (K) and its two components.
The time-averaged values are considerably lower than the phase-averaged ones and are not
useful in the classification of the cases. The minimum of (K) decreases independently with
the amplitude and frequency of the inlet oscillations. The convective acceleration (Kgy/o.)
dominates for low A;, and/or f; values. As a rough approximation, the temporal acceleration
(Koujor) ~ A fi,, and this component becomes comparable to the convective acceleration
for the largest values of the product A;, f, .

The resulting classification can be illustrated through three different scenarios, as shown
in Fig. 6.28. Scenario (i) corresponds to weak inflow oscillations, resulting in a minimal
reduction of the mean recirculation length. Scenario (iii) involves the periodic formation of
vortex clusters, leading to a significant reduction in the mean recirculation length. A detailed
discussion of each scenario will be provided in Chapter 8.
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Chapter 7

Impact of a 2D synthetic jet on the
size and dynamics of the separated
flow over a bump in laminar and
turbulent inflow

In this chapter, active flow control strategies employing synthetic jets are implemented to
reduce the separation length for both steady laminar inflow and turbulent inflow. Synthetic
jets, which operate as zero-net mass-flux systems with periodic blowing and suction, are the
focus of the study. Research by Sigurdson (1995) and Kiya et al. (1997) indicates that the
optimal actuation frequency lies between 2 and 5 times the shedding frequency. The proposed
scaling for the shedding frequency is expressed as a function of the half-width of the wake h and
the separation velocity, characterized by the Strouhal number St;, = fspea h/Us = 0.07 — 0.08.

This chapter examines this hypothesis, proposes an alternative actuation strategy, and
performs OVMD decomposition to investigate the underlying physics.

7.1 Flow configuration

The study is conducted using an identical domain and setup as described in Chapter 3.
This domain is discretized into high-order meshes for two configurations: 63,864 elements
for laminar inflow simulations and 192,000 elements for turbulent inflow simulations. The
high-order mesh for the laminar inflow configuration is illustrated in Fig. 7.1. Compared to
the setup in Chapter 3.1, this mesh features a higher density of elements near the walls and in
the spanwise direction to capture more complex wall-bounded structures. The turbulent inflow
mesh is identical to that in Chapter 3.2, as shown in Fig. 3.11. A third-order polynomial is
used for all simulations, resulting in 4,087,296 Degrees of Freedom (DOF) for the laminar
inflow and 12,288,000 DOF for the turbulent inflow. The numerical schemes used are identical
to those described in Chapter 2, with a constant time step corresponding to a CFL number
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Figure 7.1: Computational domain and representative mesh for study with laminar inflow in this
chapter

The boundary conditions are similar to Tables 3.1 and 3.4 for the laminar and turbulent
inflow setups, respectively. Recall that this configuration corresponds to Re/L ~ 100,000
or Rep,,,. = 3,600 and M = 0.2, with a reference velocity of Ur.y = 68.158 m/s. For the
laminar inflow, the characteristic Reynolds numbers based on the separation length and the
momentum thickness at separation are Re;, = 27,000 and Rey, = 27. For the turbulent
inflow, these values are Rer, = 28,900 and Rey s = 22.

7.1.1 Synthetic jet actuation

A synthetic jet is applied at a location from x = 0.1025 m to x = 0.1075 m and extended in
the spanwise direction to induce a two-dimensional disturbance. This location is just upstream
of the separation point, as illustrated in Figure 7.2. An analytical solution to oscillatory
Poiseuille flow, assuming two-dimensional incompressible flow, is imposed as a Dirichlet
boundary condition. It ensures a zero-net mass-flux and maintains a continuous velocity
profile in the longitudinal direction. The synthetic jet is ejected vertically and described as
(Ma and Kuo, 2017):

R T N | M i )

(7.1)
u(z,t) =w(zr,t) =0 (7.2)
p(ZL’, t) = ﬁ<$>no jets (73)

where 7 = /—1, & denotes the imaginary component, Aj.; is the amplitude of the synthetic
jet velocity relative to the reference velocity Ajet = Vjet.maz/Ures, Rjer = 0.0025 m is the
half-width of jet slot, 2, jer = 0.105 m is the centerline of the jet slot, t* = tUges/Lpeys is the
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dimensionless time, and ¢{ is a reference instant. The non-dimensional parameter ¢ is defined

as
< = hje“/wjet/QV, (74)

where wje; is the angular frequency of actuation wje = 27 fjf“et and fjf“et = fijet Lref/Uges is
the dimensionless frequency of the actuation. The reference length Lg.r is 1 m as defined in
Chapter 3.

Figure 7.2: Location of synthetic jet boundary condition

7.1.2 Actuation strategies

The first strategy involves periodic blowing and suction, characterized by Aje; and f},;, as
previously described. One of the objectives of this study is to test the hypothesis of Sigurdson
(1995), which suggests that the range of f}, should extend from 2 to 5 times the shedding

frequency (f%,.q)-

For the steady laminar inflow case, the shedding frequency is approximately fJ ., = 2.9-3.3,
with h =~ hpymp. The value of f};,.; = 2.6 is selected based on the OVMD decomposition of
the steady inflow, as detailed in Appendix E. In the turbulent inflow case, the streamwise
velocity at the separation point Uj is lower than that of the laminar case, as shown in Fig.
3.15. Consequently, the shedding frequency is approximately fJ ., = 2.6-3.0, with a value of
fiea = 2.6 again chosen based on the OVMD decomposition (Appendix E).

To effectively span the range of 2 to 5 times the shedding frequency, the following integer
frequencies are selected: f7, = {2,8,12,15,16,20}. Two amplitudes, A;; = {0.04,0.2}, are
chosen to align with the range of experimental conditions reported in Sigurdson (1995). Figure
7.3 illustrates the normal velocity profile across the longitudinal location at various jet phase

instances (¢jet) for Ajer = 0.2, f1,, = 2, and ¢ = 0.24.

The second strategy consists of periodic blowing and suction followed by a delay interval
without actuation. This approach introduces two additional parameters: the duty ratio D
and the duty frequency f;,. The duty ratio is defined as the ratio of the active jet time to the
inert (inactive) time and is given by:

o Atjet

D = .
Atint

(7.5)
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Figure 7.3: The normal velocity profile on the jet boundary at different jet phase instances for
Ajer =02, fr,=2,(=0.24

The duty frequency [}, is defined as the frequency of the duty cycle within one normalized time
t*. For this study, a duty ratio of D = 1 is selected, along with duty frequencies f}; = {1,2}.
Fig 7.4 presents the normal velocity on the jet centreline at different duty phases ¢p with a
duty ratio D =1, f =1, Ajee = 0.2, and f7,, = 16.

0.2 T T

Uj et
Ugey 0

0 90 180 270 360
¢p []

Figure 7.4: The normal velocity on the jet centerline at different duty phases (¢p) for actuation
strategy II with a duty ratio D =1, fj, =1, Ajer = 0.2, and [, = 16

7.2 Results

7.2.1 Strategy I: Alternating blowing and suction actuation

Table 7.1 presents the DNS simulations conducted using actuation strategy I. The dataset
comprises 20 simulations, including two cases without actuation for each inflow condition
and 18 cases with synthetic jet actuation. For the laminar inflow condition, two actuation
amplitudes (0.04 and 0.2) are implemented. The dimensionless actuation frequency spans 2
to 20, corresponding to approximately 0.8 to 7.7 times the shedding frequency. The lowest
frequency [, = 2 targets the shedding instability, whereas the higher frequencies align
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with the Kelvin-Helmholtz instability. These actuation frequencies correspond to reduced
frequencies based on the separation region length without control, F' L+ , which ranges from 0.5
to 5.8. These values are comparable to those reported in previous studies by Dandois et al.
(2007), Greenblatt, Paschal, Yao, and Harris (2006), and Kiya et al. (1997).

Table 7.1: Summary of the cases simulated for actuation strategy I, including the amplitude and
frequency of jet actuation, its frequency ratio to the shedding frequency fJ;.,, reduced
frequency Fj_, momentum coefficient C);, and stagnation pressure loss coefficient Y,
The location of mean separation and reattachment are given along with the length of
recirculation region Ls and the relative reduction to the unforced case AL;.

Inflow AjEt f;et f;et/f;hed Fl—i CM Ls Lr LS ALS Y;H
10 (m)  (m) (m) (m)

laminar - - - - - 0.109 0.387 0.278 - 0.34
turbulent - - - - - 0.116 0.404 0.289 - 0.35
laminar 0.04 2 0.8 0.56 0.14 0.115 0.364 0.249 -0.030 0.32

0.04 8 3.1 223 0.14 0.114 0.314 0.200 -0.078 0.31

0.04 12 4.6 3.34 0.14 0.115 0.302 0.187 -0.091 0.30
0.04 15 5.8 417 0.14 0.116 0.326 0.210 -0.068 0.30
0.04 16 6.2 4.45 0.14 0.113 0.321 0.208 -0.070 0.30
0.04 20 7.7 5.56 0.14 0.112 0.318 0.206 -0.073 0.30

laminar 0.2 2 0.8 0.56 3.5 0.118 0.337 0.219 -0.059 0.33
02 8 3.1 223 35 0117 0.290 0.173 -0.105 0.27
0.2 12 4.6 3.34 3.5 0.117 0.268 0.151 -0.128 0.22
02 15 5.8 417 3.5 0117 0.259 0.141 -0.137 0.20
0.2 16 6.2 445 3.5 0117 0.259 0.141 -0.137 0.20
0.2 20 7.7 5.56 3.5 0.116 0.296 0.180 -0.098 0.23

turbulent 0.2 2 0.8 0.58 3.5 0.118 0.357 0.238 -0.050 0.34
0.2 8 3.1 231 35 0119 0.292 0.173 -0.116 0.25
02 12 4.6 3.47 35 0118 0.285 0.167 -0.122 0.24
02 15 5.8 433 35 0118 0.294 0.176 -0.113 0.24
0.2 16 6.2 4.62 3.5 0118 0.306 0.189 -0.100 0.24
0.2 20 7.7 5.78 3.5 0.117 0.317 0.199 -0.089 0.24

Moreover, to facilitate comparisons with the aforementioned studies, the phase-averaged
momentum coefficient, €}, is provided for all cases, defined as:

_ Pijet 2hjet < UJQ'et >

Poo Coump Ugo

Cy : (7.6)

where pjet = poo, Chump represents the equivalent chord length for the modeled LPT blade (i.e,
the length of the convex region of the bump, which is 0.1 m), and the freestream velocity
U is taken as the reference velocity Ug.s. The phase-averaged square of the jet velocity,
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Jet > 18 calculated as:

o [ [2uw,0) do @ .

fer 7 //daz dé

The values of the jet amplitude and the momentum coefficient are within the range of those
reported in Greenblatt, Paschal, Yao, and Harris (2006), Kiya et al. (1997), and Sigurdson
(1995), and smaller than those in the study by Dandois et al. (2007), as shown in Table 7.2.

Table 7.2: Comparison of jet amplitude and momentum coefficient with those from other reference

studies

Reference Ajet Cu Njet

10~ mm

present 0.04-02 014-35 25

Sigurdson, 1995 0.04 - 0.24 - 3.2

Kiya et al., 1997 0.005-0.2 - 1.25
Greenblatt, Paschal, Yao, and Harris, 2006  0.12-0.6 1-300 ~ 0.9
Dandois et al., 2007 0.5 10 1.67

For each case, the separation and reattachment locations are identified, and the length of the
separation region is determined by calculating the difference between these two points. These
locations are obtained from the zero-crossing of the skin friction coefficient in the mean flow
field, averaged over time and the spanwise direction. In cases with actuation, the reduction in
the separation region length is quantified relative to the corresponding no-actuation case for
the given inflow condition. Time-averaged quantities are computed from datasets sampled at
every time step, with a time span of ¢},,, > 12 for the laminar inflow and ¢},,, = 9 for the
turbulent inflow.

The final parameter presented in Table 7.1 is the stagnation pressure loss coefficient. This
parameter quantifies the flow characteristics that contribute to the overall efficiency reduction,
as described by Denton (1993). It is defined as the difference between the inlet and outlet
total pressure, normalized by the dynamic pressure at the outlet. In this study, the inlet
corresponds to the transverse plane at the longitudinal location x = —0.1 m, while the outlet
corresponds to x = 0.4 m. The stagnation pressure loss coefficient is expressed as:

Y, = pt;@x:—o.l _]jt,@x:OA. (7.8)
Pt@zr=0.4 — Paz=04
The transverse plane extends from the bottom wall to the top wall; consequently, the parameter
also accounts for losses from the top wall boundary layer.

The introduction of a disturbance just upstream of the separation point shifts the separation
region slightly downstream. This also influences the reattachment location, thereby reducing
the size of the recirculation region across the tested amplitude and frequency ranges. The
maximum reduction occurs at a dimensionless actuation frequency of 12 for Aj., = 4%,
increasing to 16 for A, = 20% under laminar inflow conditions. For turbulent inflow
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conditions with Aj,; = 20%, the maximum reduction is observed at f;, = 12. These
frequencies correspond to 4.6 to 6.2 times the shedding frequency, aligning with the range of
optimal frequencies identified in the study by Sigurdson (1995). The frequency that results
in the shortest separation region also corresponds to the minimum stagnation pressure loss
coefficient.

The reduction in the separation region length, relative to the uncontrolled case, as a function of
the actuation frequency range is shown in Fig. 7.5. At the optimum frequency, the reduction
in the separation region is approximately 33% for Ao, = 4% and 49% for Aj.; = 20% under
laminar inflow conditions. For an amplitude of Aj.; = 20% with turbulent inflow conditions,
the maximum measured reduction is 42% compared to the no-actuation case with turbulent
inflow.

A comparison of the reductions under laminar inflow for the two different forcing amplitudes
confirms the logarithmic dependence of the maximum reduction in separation length on the
amplitude, as suggested by Kiya et al. (1997). This relationship is expressed as:

|ALs,max|

(L ) ~ bl + bg ln(Ajet) ~ C1 + Co ln(\/C’#), (79)
s)no jet

where b; 9 and ¢ 5 are constants.
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Figure 7.5: Percentage reduction of recirculation region normalized with the recirculation length
without actuation

Furthermore, by normalizing the length reduction AL, with its maxima over all actuation
frequencies, a frequency sensitivity map can be constructed, as shown in Fig. 7.6. The results
converge into a similar trend across all setups and show good agreement with Sigurdson (1995).
The cases analyzed have comparable Rey, fxm/fsnea and C), values to those in Sigurdson
(1995). Fig. 7.6 indicates that forcing frequencies around 3-6 times the shedding frequency
yield reductions close to the optimum frequency, with only minor differences. In this regime,
the KH instability, which scales with the momentum thickness of the shear layer, amplifies
the impact of the forcing (Sigurdson, 1995). This may explain why the results for laminar
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and turbulent inflows show good agreement, as the momentum thickness for the unforced
case is relatively similar for both conditions.
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Figure 7.6: Percentage reduction of recirculation region normalized with maximum reduction

Instantaneous flow fields

Figures 7.7 and 7.8 depict the instantaneous spanwise vorticity fields for laminar inflow under
actuation with an amplitude of A, = 20% and nondimensional frequencies of 2 and 16,
respectively. The frequency f7,, = 2 corresponds to cases where f7, = O(f3,.q), while f7, = 16
represents the optimum actuation frequency, situated within the range [, < fi < fikn-
The arrows indicate the state of the synthetic jet (blowing or suction), with their length
representing the magnitude. Each figure consists of eight subfigures, representing jet phases
with ¢;e = {0,45,90,...,315}°, arranged in increasing order corresponding to the indicated

time (t*).

In Fig. 7.7 for f5, = O(f¥.q), a periodic generation of a large vortex cluster, consisting
of smaller vortices, is observed. This cluster pulls fluid together in the recirculation region,
resembling the structures induced by inflow fluctuations (see Chapter 6). The formation of
the large vortex cluster begins with the vertical movement of the separated shear layer in
phase with the synthetic jet. During the blowing phase, the shear layer moves toward the wall,
whereas during the suction phase, it moves further away. Consequently, the small vortices
generated by KH instability become trapped and form a vortex cluster, which is then ejected
downstream during the blowing phase. This behavior is consistent with the turbulent inflow

case, which is discussed in the Appendix E for brevity.

For the optimum forcing frequency, where f3,., < fi; < fipy, as shown in Fig. 7.8, different
observations emerge. A dominant spanwise vortex forms periodically because of the interaction
of the synthetic jet with the local boundary layer and/or shear layer. This vortex travels
downstream near the bump’s surface, merging with other vortices in the recirculation region.
These periodic formation of spanwise vortices, which are in phase with the synthetic jet,
effectively break the separated shear layer down and reduce the recirculation region, while
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also enhancing entrainment within the recirculation region. In the case of turbulent inflow, as
shown in the Appendix E, the spanwise vortex is less distinct, rapidly dissipating and mixing
with the surrounding turbulence.

Mean flow fields

The mean flowfield characteristics are presented through time-averaged streamwise velocity

and turbulence kinetic energy (TKE) in Fig. 7.9. The cases are divided into three regimes,

as outlined by Sigurdson (1995). The first regime, shown in Fig. 7.9a, corresponds to the

case when the actuation frequency is of the same order as the shedding frequency. The

second regime, Fig. 7.9b, represents the optimum range of actuation frequencies, where
shed < Jiet < Sl The final regime, Fig. 7.9¢, occurs when f7,, > fiy.

Dandois et al., 2007 suggests that at low-frequency actuation, where f;, = O(f5,,), the
production of TKE will increase thereby enhancing the entrainment process. This relationship
is evident in Fig. 7.9a. As A, increases, TKE also increases. Moreover, the formation of
large vortex clusters generates a substantial recirculation region and a maximum reverse
velocity of Trepmaz ~ 20% of the freestream velocity. In the optimal actuation frequency
range (Fig. 7.9a), TKE decreases as A, increases. The high-TKE region shifts upstream
toward the separation point, but remains located on the mean separated shear layer. However,
its location does not align with the position of maximum reverse flow. The mean recirculation
region is significantly reduced, with the maximum reverse velocity decreased to Uyey maz ~ 10%
of the freestream. The last regime (f7,, > fxpg), shown in Fig. 7.9¢, exhibits contour patterns
similar to that of the optimal frequency range. A reduction in TKE is visible compared
to the previous regime. The location of the highest TKE remains relatively stationary or
slightly shifts upstream in the low A, case. The time-averaged streamwise velocity shows a
larger mean recirculation region with a higher maximum reverse flow, now located further
downstream. In summary, the figure suggests that the overall size and magnitude of TKE in
the recirculation region, along with the proximity of the high-TKE area to the separation

point and wall, control the mean recirculation region.

7.2.2 Strategy II: Alternating blowing and suction actuation with
inactive intervals

Table 7.3 presents the DNS simulations performed using actuation strategy II. The dataset
includes two simulations with f}; values of 1 and 2, both conducted at an amplitude Ao, = 20%
and frequency f7,, = 16. The simulations are with laminar inflow conditions, as the previous
section suggested that cases with laminar and turbulent inflow exhibit similar characteristics.
Both simulations used a duty ratio D = 1, which translates to a half-period during which
the synthetic jet is inactive and the other half during which it actively performs blowing and
suction into the domain. The duty phase ¢,.; of the synthetic jet is illustrated in Fig. 7.4.
Due to the inactive period, the phase-averaged momentum coefficient is 8.7 x 1075, which
is four times lower than the value without an idle period. This corresponds to an effective
Ajer = 10% in the previous strategy.
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Table 7.3: Summary of the cases simulated for strategy II

Inflow Ajet f;et f;et/f;hed CN D fB Ls Ly LS ALS Y;%
107 (m) (m) (m) (m)
laminar 0.2 16 2.5 0.87 1 1 0.116 0.295 0.179 -0.099 0.27
laminar 0.2 16 2.5 087 1 2 0.116 0.288 0.172 -0.106 0.27

Both simulations result in an identical mean separation point, which is located farther
downstream compared to the unactuated case. The mean reattachment location for f;, =1
is farther downstream than for f}, = 2. As a result, the case with f;, = 1 exhibits a
marginally larger mean recirculation length compared to f}, = 2, with L, values 0.179 and
0.172, respectively. The stagnation pressure loss coefficient Y}, is identical for both cases.

The reduction in the mean recirculation region is ALy ~ 0.1 m relative to the unactuated case
for these duty frequencies. Considering the relationship between the momentum coefficient
and the maximum reduction in the mean separation length for the previous strategy (Eq.
(7.9)), the expected maximum reduction for the equivalent C, using strategy I is 0.117 m.
This value is close to the reduction observed in the cases simulated with strategy II.

Additional simulations would be required to determine whether the actuation frequency
Jiee =16 and D = 1 represents the optimal frequency and duty ratio. However, the simulated
cases provide evidence of a potential alternative approach that allows the actuation system to

rest and prepare for subsequent blowing and suction cycles.

Instantaneous flow fields

Figures 7.10 and 7.11 show the instantaneous spanwise vorticity fields for cases simulated
with duty frequencies of f}, = 1 and f}, = 2, respectively. The arrows in the figures
indicate the state of the synthetic jet (blowing or suction), with their lengths representing the
corresponding magnitude. Each figure contains eight subfigures, corresponding to duty phases
¢p = {0,45,90,...,315}°, arranged sequentially in increasing order of the indicated time
(t*). During the duty phases from 0° to 180°, the synthetic jet is inactive, while it becomes
active during the phases from 180° to 360°, see Fig. 7.4. The number of periodic blowing and
suction cycles is given by Df;,,/((D + 1/D)f}), which results in 8 cycles for f}, =1 and 4
cycles for fj, = 2 in the simulated cases.

The figures reveal that the flow dynamics are governed by the periodic generation of a
large vortex cluster during the inactive jet period and the periodic formation of a dominant
spanwise vortex during the jet active period. The dominant spanwise vortex plays a critical
role, reducing the separation region and driving the downstream movement of the vortex
cluster.

In both cases, the vortex cluster begins to form immediately after the last spanwise vortex
from the jet’s blowing and suction phase detaches from the wall. At this stage, the streamwise
acceleration K near the separation point is expected to reach its maximum negative value (i.e.,
maximum deceleration). The cluster originates from the amalgamation of smaller vortices
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generated by shear layer instabilities. The duration of the jet-inactive phase significantly
influences the size of the vortex cluster. Cases with higher duty frequency fp result in a
larger accumulation of small vortices. By duty phase ¢p = 180°, a more mature vortex cluster
corresponds to a downstream shift of the reattachment point. Once the jet becomes active,
the dominant spanwise vortex periodically sheds downstream, dispersing the vortex cluster
and causing it to dissipate as it moves downstream. This process effectively reduces the
size of the recirculation region until the jet transitions to an inactive state. For lower duty
frequencies (longer jet active periods), the recirculation region is suppressed more effectively,
and the separation point moves upstream. When the jet becomes inactive again, a new vortex
cluster begins to form and the process repeats.

Mean flow fields

The mean flowfield characteristics are presented using time-averaged streamwise velocity and
turbulence kinetic energy (TKE) in Fig. 7.12. Both cases exhibit similar contour patterns in
the TKE, with minor variations in magnitude. The lower duty frequency (f}, = 1) features
a smaller mean recirculation region/size and a lower maximum mean reverse low Uyey max
compared to the higher duty frequency f}, = 2. These differences are driven by the longer
active time of the jet at the lower duty frequency. On the other hand, the higher duty
frequency results in a slightly shorter mean recirculation length L, which is attributed to the
smaller vortex cluster size caused by the shorter inactive jet period.

TKE
U}%ef
0 0.25 0.5
 — |

[ Au=02-T, =16-/p=1]

jet

Figure 7.12: Time-averaged streamwise velocity (left) and turbulence kinetic energy (right) for
actuation strategy II

7.3 Mode decomposition of oscillatory components with
synthetic jets

This section analyzes the results by decomposing the oscillatory flow fields using Orthogonalized
Variational Mode Decomposition (OVMD). The oscillatory flow fields are used to isolate
phenomena that are coherent with the synthetic jet or duty phases. The data consist of
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streamwise and wall-normal velocity snapshots spanning x € [—0.05,0.445] and y € [0,0.083]
at the midspan of the domain, discretized into 127 x 42 pixels per velocity field. The snapshot
sampling frequency, fr = 250, is an order of magnitude higher than both the highest actuation
frequency and the Kelvin—-Helmholtz (KH) frequency.

The multivariate oscillatory component data coherent with the inflow frequency is defined as
shown in Eq. (6.10). The multivariate phase-averaged data, < q >, represents the spatial
topology of both streamwise and wall-normal velocities. Phase averaging is performed using
the lowest inflow actuation frequency (fj,, = 2) for strategy I (coherent with the actuation
phases) and the duty frequency (coherent with the duty phase) for strategy II. Additionally,
the oscillatory component data, q(¢), contains 10,668 channels per snapshot (5,334 pixels for

each velocity component). The data are padded as described in Chapter 6.

Multivariate POVMD is performed for both results with actuation strategies I and II. For
strategy I, two cases are selected with Aje; = 20%, laminar inflow, and f7,, = {2,16}. For the
actuation strategy II, a case is selected with f;, = 2. Each resulting mode M comprises a
temporal coefficient ¢ and a spatial topology ¢, as presented in Chapter 5 and 6. The spatial
structure is represented using the spanwise vorticity v,,_, defined in Eq. (5.24).

7.3.1 Laminar inflow, Strategy I - A;.; =0.2, f;, =2

The energy ratios of the modes and their first 14 dominant components are presented in Figs.
7.13-7.15. The energy ratio quantifies the total energy of the streamwise and wall-normal
velocities of the modes relative to the input snapshots, as in Eq 6.11.

The energy of the oscillatory data, represented as q = [@i; V| from the discretized snapshot
data, constitutes approximately 3% of the total energy of the streamwise and wall-normal
velocity, ||q||%. The time-averaged component accounts for 90.5% of the total energy, while
the incoherent component, q’, contributes approximately 6.5%. Notably, this 3% of energy
coherent with the jet oscillation is distributed among 14 modes, as shown in Fig. 7.13.
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Figure 7.13: Energy ratio of modes - laminar - Aj¢; = 0.2, Get = 2

The dynamics of the coherent structure are predominantly driven by the mode pair corre-
sponding to the actuation frequency and its harmonic, as shown by modes 1 to 4 in Figs.
7.13 and 7.14. These modes account for nearly 90% of the fluctuations in the phase-averaged
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data and represent the vertical movement of the separated shear layer, which leads to the
formation of large vortices. The first harmonic pair exhibits its maximum amplitude within
the separated shear layer, while the second harmonic pair shows its maximum amplitude
distributed between the separated shear layer and the vortices.

The significant contribution of the second harmonic pair to large vortex formation is evident
from the premature release of medium-sized vortices downstream, as shown in Fig. 7.7 for
Gjer = 270° — 360°. Meanwhile, other medium-sized vortex clusters associated with the second
harmonic grow and align with the large vortex in the first harmonic. Consequently, the
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dynamics observed in the first and second harmonic pairs align more closely with Scenario 2
from Chapter 6, where the formation and release of vortex clusters do not occur consistently
across all phases due to the premature release of medium-sized vortices from the second
harmonic. This observation is further supported by the absence of third and fourth harmonic
modes with localized event characteristics, as seen in the mode decomposition of Scenario 3
in Chapter 6.6.3.

The other lower-energy modes represent the instability of the separated shear layer and
its subharmonic. The Kelvin-Helmholtz (KH) vortices are prominent during the jet phase
¢jer = 180° — 360°. These vortices are captured by mode pairs 12 and 13, while their
subharmonic counterparts are represented by modes 5 and 6, as well as the intermediate
mode pair 8 and 9. The subharmonic modes 5 and 6 are formed through the amalgamation of
smaller vortices. The significant energy of these modes suggests that the premature release of
medium-sized vortices during these jet phases is driven by the strong vortices in these modes.
Additionally, modes 7, 8, 11, and 14 also capture aspects of the shear layer instability.

7.3.2 Laminar inflow, Strategy I - Aj; = 0.2, f/,, =16

For the optimum frequency actuation f7,, = 16, the energy ratios of the modes and the six
dominant modes are illustrated in Figs. 7.16-7.17. The oscillatory data coherent with the
actuation frequency accounts for only 1% of the total energy, while the mean and incoherent
components contribute 95.5% and 3.5%, respectively. Most of the dynamics are incoherent
with the jet oscillation, with the coherent oscillation localized near the wall along the mean
separated shear layer. These coherent oscillations are captured by six modes, which collectively
represent 91% of the coherent oscillation energy, as shown in Fig. 7.16.
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Figure 7.16: Energy ratio of modes - laminar - Aje; = 0.2, f7,, = 16

The dynamics of the coherent structures are strongly driven by the jet frequency, as evidenced
by modes 1 and 2 in Fig. 7.17. These modes account for approximately 70% of the fluctuations
in the phase-averaged data and represent the periodic formation and release of spanwise-
dominant vortices. The second and third harmonic modes are present but with significantly
lower energy, showing a reduction to about one-quarter of the energy of the preceding
harmonic. The periodic formation of spanwise vortices pushes the separated shear layer
closer to the wall, effectively reducing the size of the recirculation region. Furthermore, no
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Figure 7.17: OVMD modes 1-6, represented by spanwise vorticity, for the Bump with laminar
inflow and Aje; = 0.2, f7, =16

dominant subharmonic is observed in the decomposition, suggesting that most of the energy
is transferred through a cascade process, which translates into enhanced entrainment.
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7.3.3 Laminar inflow, Strategy Il - A = 0.2, [, =16, f5, =2

The decomposition of the selected case with actuation strategy II is presented in Fig. 7.18
for the energy ratios, and in Figs. 7.19 and 7.20 for the temporal and spatial topology of
the spanwise vorticity. The oscillatory data coherent with the duty frequency accounts for
approximately 4.7% of the total energy, while the mean flow and incoherent components
contribute 91% and 4.3%, respectively. The energy associated with these coherent fluctuations
is distributed across 12 dominant modes, as shown in Fig. 7.18.
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Figure 7.18: Energy ratio of modes - laminar - Aje, = 0.2, f7,, =16, f, =2

The dynamics is predominantly influenced by the inflow frequency, as indicated by the mode
pair 1 and 2. These modes account for approximately 62% of the fluctuations in the phase-
averaged data and correspond to the vertical motion of the separated shear layer and the
periodic formation of a large vortex. The maximum amplitude occurs in the separated shear
layer, with values that do not differ significantly from the maximum amplitude in the large
vortex, as shown in Fig. 7.19. The time coefficients of these modes do not exhibit temporal
localization due to the state change of actuation, indicating that the formation and release of
large vortex clusters span all duty phases.

The second harmonic (modes 3 and 4), third harmonic (modes 5 and 6), and fourth harmonic
(modes 7 and 8) capture the intricate dynamics of large vortex generation. These modes are
significantly weaker than the first harmonic pair. The fourth harmonic modes exhibit phase
locality, becoming suppressed during the early stage of the jet active period (¢pp = 180°—270°).
This behavior is similar to Scenario 3 in Chapter 6, although it occurs in the fourth harmonic
modes rather than the third. The phase locality of the fourth harmonic pair results in slower
advection of the large vortex cluster during their suppression, allowing the reattachment point
to remain farther upstream for a longer duration.

During the synthetic jet active period, ¢p = 180° — 360°, spanwise-dominant vortices are
generated due to the periodic blowing and suction of the jet. The first and second harmonic
modes are represented by the mode pairs 9-10 and 11-12, respectively. Outside this period,
the time coefficients approach zero.
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Chapter 8

General Discussions

This chapter discusses and analyzes the novel time-frequency modal decomposition introduced
and the results obtained in the study of the impact of harmonic inflow oscillations and a 2D
synthetic jet on the separated flow over a bump geometry.

8.1 A time-frequency modal decomposition for the anal-
ysis of non-stationary flow

Chapters 4 and 5 introduce a novel data-driven time-frequency modal decomposition, named
Orthogonalized Variational Mode Decomposition (OVMD). The methodology is primarily
developed for analyzing non-stationary separated flow, particularly in high Reynolds number
and complex geometry settings, but it can also be applied directly to other applications. The
technique demonstrates its superiority in decomposing data with time locality.

In OVMD, two key modifications are introduced: (i) the incorporation of orthogonality
objectives and (ii) an adaptive filter bandwidth strategy, ax. Together, these enhancements
result in a significantly more robust decomposition over the original VMD (Dragomiretskiy
and Zosso, 2014) and effectively mitigating over-segmentation. When an excessive number
of modes is prescribed, the additional modes exhibit very small amplitudes or capture high-
frequency incoherent fluctuations. Consequently, this prevents mode duplication, minimizes
interference between the resulting modes, as demonstrated in the sensitivity analysis in
Section 4.4.3, and improved robustness due to noise contamination. Additional advantages
of the method include its robustness to the prescribed constant factor F' and its improved
convergence. To further refine the methodology in under-segmentation, a progressive algorithm
is implemented. In progressive OVMD, the decomposition first captures the set of modes
with higher amplitudes/energy, while the remaining components are preserved in the residual.

The extension of the technique to multidimensional /multivariate data further enhances its
value. The multivariate approach decomposes the time-dependent flow field as a linear
combination of modes, where each mode consists of a time-invariant spatial function and
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a scalar temporal coefficient. This formulation is shared with other modal decomposition
techniques such as Proper Orthogonal Decomposition (POD) (Berkooz et al., 1993; Lumley,
1970), Spectral POD (Towne et al., 2018), and Dynamic Mode Decomposition (DMD) (Schmid,
2010). Previous implementations of this multivariate (reduced-order) VMD approach in fluid
flow have demonstrated its effectiveness in extracting low-dimensional models of non-stationary
flows (Liao et al., 2023).

In the multivariate progressive OVMD, the improvement of the method is evident, as it is
capable of accurately decomposing different types of data at a considerably low cost. The
transient cylinder wake demonstrates the methodology’s ability to recover a “spectral-like”
modal decomposition, where discrete structures, such as individual vortices, emerge through
the linear combination of multiple modes. The spatial functions of these modes resemble
wavepackets, similar to those identified by POD or SPOD. However, unlike traditional
methods, OVMD does not require an additional projection of the original data onto the
spatial functions to obtain the time coefficients. Instead, the time coefficients— which directly
capture non-stationary dynamics—are computed simultaneously with the spatial functions.
This coupled determination of spatial and temporal components enables a more efficient flow
decomposition.

8.2 Impact of harmonic inflow oscillations on the sepa-
rated flow

Chapter 6 studies the impact of harmonic oscillations of the inflow velocity, imposed via the
total pressure, on the flow over a wall-mounted bump geometry. This geometry gives rise
to a streamwise pressure gradient distribution with similar features to those encountered in
LPT blades. The harmonic inflow oscillation roughly models the effect of the passage of the
wake due to the previous stage of blades, periodically creating a velocity deficit followed by
acceleration, and consequently a periodic modification of streamwise velocity gradients.

Under steady inflow conditions, the laminar-to-turbulent transition is initiated by a self-excited
KH instability with a well-defined vortex-shedding frequency (fj; ~ 18). These vortices
are subject to secondary instabilities and interactions with turbulent structures that are
recirculated within the separated flow and progressively break down into smaller eddies as
they travel downstream. The associated entrainment leads to the reattachment of the mean
flow.

The impact of the inflow oscillations on the flow dynamics is strongly dependent on the
frequency and amplitude of the oscillations. The cases studied involve oscillations of the inflow
total pressure A;, between 1% and 10% of the mean value, and frequencies f;; = 0.5 — 2,
substantially lower than fj; but comparable to the wake-passing frequency in LPT turbines.
If the reference velocity Ug.s and the mean recirculation length for the steady inflow case
Ly =0.2782 m are used to calculate the reduced frequency F, the inlet frequencies f;, take
the values F' = 0.1391,0.2782 and 0.5564, which lie between the F' < 1 and F' ~ 1 ranges.

Three different scenarios have been identified. Table 6.3 shows the classification of the cases
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and Fig. 6.28 depicts them schematically:

Scenario (i): Inflow-modulated Kelvin-Helmholtz vortex shedding, corresponding to compar-
atively weak inflow oscillations (lowest values of A;, and f}, cf. Fig. 6.2 and 6.28 left).
The transition process is qualitatively the same as for the steady inflow case. However,
the harmonic changes of the bulk velocity lead to a periodic vertical displacement of the
separated shear layer, phase-locked to the inflow oscillation. While the self-sustained vortex
shedding originated by KH instability remains, its spatial amplification is modulated by the
changes in the shear layer properties: vortex-shedding takes place upstream for the part of
the period in which the bulk flow is decelerated and downstream for the part in which it is
accelerated. Consequently, the phase-averaged length of the recirculation region Ly changes
gradually over the period, but the mean length (i.e. averaged over the period) is approximately
the same as for the steady case. This scenario is consistent with the experiments by Lou
and Hourmouziadis (2000) that imposed inflow oscillations with Au* = 0.13 and F' = 0.06
(obtained by scaling their reported dimensionless frequency with the mean length of their
separation bubble). The OVMD results successfully identify the mode corresponding to the
periodic displacement of the separated shear layer, as well as a portion of the KH instability.
This identification is based on phase-averaged data, as the majority of the KH component is
incoherent with the inflow.

Scenario (ii): Alternation between KH vortex shedding and formation/release of a large vortex
cluster, corresponding to intermediate inflow oscillations (see Fig. 6.16 and 6.28 centre, and
supplementary movies 3 and 4). For a portion of the period, KH-initiated vortex shedding is
dominant, identical to scenario (i). However, as the bulk flow decelerates, the phase-averaged
streamwise acceleration parameter (K') transiently surpasses a threshold negative value in the
region neighbouring flow reattachment, giving rise to new dynamics: the vortical structures
formed in the shear layer are not shed and advected downstream. Instead, they are entrapped
in the recirculation region, which accordingly grows in size forming a large vortex cluster
formed by eddies of a wide range of scales. When the bulk flow is re-accelerated, instead
of reducing the recirculation region gradually through the shedding of KH vortices (as in
scenario (i)), the large vortex cluster is released and advected downstream. The advection
of the vortex cluster pulls the stagnant fluid, transiently reducing the separated flow extent.
Subsequently, the recirculation region regenerates and the KH vortex shedding re-starts. The
periodic formation and release of the large vortex cluster impact the phase-averaged length
of the reversed flow region drastically: the time-averaged L, is reduced with respect to the
steady inflow case, but the deviations from the mean value (see the PDFs in Fig. 6.13) become
considerably broader including lengths longer than those for the steady inflow. Important
hysteresis effects appear between the accelerating and decelerating parts of the period. This
scenario would translate into undesirable conditions regarding practical LPT blades, involving
strong oscillatory loads without a substantial reduction of the mean separation length. Using
the OVMD decomposition, the periodic movement of the separated shear layer, the periodic
formation and release of vortex clusters, and the phase-localized KH vortices are clearly visible
in the decomposition of the phase-averaged data.

Scenario (iii): Phase-locked formation and release of large vortex clusters, corresponding to
strong inflow oscillations (the largest values of A;, and f;, cf. Fig. 6.3 and 6.28 right).
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The dynamics of the formation and release of the large vortex cluster following the inflow
oscillations occupy all periods: before one vortex cluster has time to travel downstream a
distance sufficient for the recirculation region to re-initiate the KH vortex shedding, the
threshold value of the streamwise acceleration parameter is reached and a new vortex cluster
is being formed. The deviation of the separated flow length over the period is larger than
that of scenario (i) but less than that of scenario (ii). More importantly, the phase-averaged
L, is smaller than the mean length for the steady inflow case for all the phases and the
time-averaged L, is remarkably reduced, above a 40% for the case (A;, = 0.1, fi = 2).
Regarding a practical LPT application, this scenario would be preferable over the other
two. This scenario is the same recovered in the simulations by Wissink and Rodi (2003)
and Wissink (2006), who considered different inflow frequencies between F' ~ 1 and F ~ 6
and amplitudes Au* between 0.05 and 0.2. The OVMD decomposition reveals the periodic
movement of the separated shear layer, the periodic formation and release of vortex clusters,
the phase-localized weak vortices, and modes corresponding to the amalgamation of small
vortices in the phase-averaged data.

In order to clarify if our conclusions regarding the three different scenarios are general or
particular to wall-mounted bump geometry considered so far, Appendix D briefly presents an
analogous study considering the related setup of the NASA hump. The same three scenarios
are recovered, while the combination of values of A;, and f; for each of them is changed.

It is to be noted that the impact of the inflow oscillations is not related to the individual
parameters A;, or f; but to a combination of both. In all the cases A;, is too large to be
considered a linear flow disturbance, and f;, is an order of magnitude lower than the natural
frequency of the Kelvin-Helmholtz instability, fj . The transition between the different
scenarios is thus not associated with the excitation of the KH instability. The transition
between scenarios (i) and (ii) is related to the existence of a threshold value of the acceleration
parameter (K). When this value is exceeded transiently in the region towards the end of
the bump, a large vortex cluster is formed and eventually released. According to the cases
simulated, the threshold value is bounded between (K) = —16.71 x 107% and —22.43 x 1076
(see Table 6.3). However, the numerical value of this parameter is particular to the definition
of (K) used, which is based on an arbitrary y coordinate. On the other hand, the transition
between scenarios (ii) and (iii) is related to the ratio between the inlet oscillation period
and the time required for the recirculation region to regenerate and re-start the KH vortex
shedding after the release of one vortex cluster.

Our results cannot ascertain if a further increase in the inflow frequency would lead to further
reductions in the time-averaged separated flow length. Within scenario (iii), the optimal
time-averaged L, reduction would be achieved by a balance between increasing the amount
of recirculating fluid advected with one vortex cluster (i.e. the size of the phase-averaged
vortex) and increasing the frequency of release of such clusters. However, the impact of inflow
oscillations on the dynamics and time-averaged length of separated flows described in this
work presents similarities with studies of active flow control via harmonic suction/blowing or
moving parts reviewed by Greenblatt and Wygnanski (2000) and with the experiments by
Hasan (1992) and Sigurdson (1995). These works report the existence of an optimal forcing
frequency that scales with the global size of the recirculating flow region and the free-stream
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inflow velocity. Forcing at this frequency range promotes the phase-locked formation and
shedding of large vortices similar to present scenario (iii), altering the dynamics from those of
the KH-initiated transition (scenario (i)). Greenblatt and Wygnanski (2000) concluded that
the optimal forcing frequency scales with the streamwise length of the unforced recirculating
flow region, L. Conversely, Hasan (1992) and Sigurdson (1995) argue that the natural
frequency for the “shedding of the entire bubble” (i.e. release of the large coherent vortex
cluster) scales with its wall-normal height A, in analogy to the von Karman vortex street, and
the optimum forcing would act at this frequency. Sigurdson (1995) proposed a dimensionless
frequency Stspedding = fh/Us = 0.07 — 0.08 (where U; is the free-stream velocity at the
separation point) and demonstrated that it correlates well with a variety of geometry-induced
separation bubbles. Translated into the dimensionless form used in this study, and using
the bump height to estimate the half-width of the wake, the global shedding frequency is
finedding = 2:9 — 3.3, which is only slightly higher than the largest f;, considered.

s

On the other hand, forcing with higher frequencies, aimed at exciting the -local- KH instability,
may lead to a faster transition via scenario (i) Embacher and Fasel (2014) or by inducing
pairing of KH-vortices Kurelek et al. (2019) and Marxen et al. (2013). This certainly leads
to reductions in the time-averaged separation length, but in view of present results, these
reductions are expected to be smaller than the ones achieved by exciting the global dynamics
of the separated flow.

8.3 Impact of a 2D synthetic jet on the separated flow

Chapter 7 examines the impact of active control, implemented through periodic blowing and
suction boundary conditions, on the flow over a wall-mounted bump geometry with both
laminar and turbulent inflow. The blowing and suction boundary conditions are positioned
just upstream of the mean separation point, extend in the spanwise direction to introduce a
two-dimensional disturbance, and have a streamwise velocity profile resembling the solution
of oscillatory plane Poiseuille flow to mimic a zero net mass flux jet. Two strategies are
considered: Strategy I involves periodic blowing and suction, while Strategy II incorporates
periodic blowing and suction with an inactive period or duty cycle.

In Strategy I, actuations are applied over a frequency range spanning from a frequency of the
same order of magnitude as the vortex shedding to a frequency exceeding the Kelvin-Helmholtz
(KH) instability, for both laminar and turbulent inflow conditions. A total of 18 cases are
simulated, comprising two inflow conditions. For the laminar inflow, two amplitudes are
considered, Aje; = {0.04,0.2}, while the turbulent inflow is simulated with a single amplitude,
Ajer = 0.2. Each condition and amplitude includes six different actuation frequencies, ranging
from f7,, = 0.8 to 7.7 times the shedding frequency fg,.4-

The simulated cases align with the findings of Sigurdson (1995), showing a similar percentage
reduction in the recirculation region, and indicate that the optimal actuation frequency
lies between 3 and 6 times the shedding frequency. The absence of significant differences
between laminar and turbulent inflow suggests that the dynamics are primarily governed
by the shedding instability, determined by the bump height, and the Kelvin-Helmholtz
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(KH) instability from the shear layer, influenced by the momentum thickness at separation
(0s). Additionally, the results reveal a logarithmic dependence of the maximum reduction in
separation length on the amplitude of actuation Aj., as suggested by Kiya et al. (1997).

The mode decompositions reveal distinct dynamics between the lowest frequency case, where
actuation occurs at a frequency of the same order of magnitude as the shedding frequency
(fle = O(fihea)), and the optimum frequency range (fi,.q < fjo < fig). In the lowest
frequency case, actuation induces periodic vertical movement of the separated shear layer,
generating large vortex clusters. These clusters exhibit characteristics similar to those

described in Scenario 2 of Chapter 6.

Within the optimum frequency range, actuation produces periodic spanwise dominant vortices
that are further amplified by the shear layer instability. At frequencies higher than the
Kelvin-Helmholtz instability (fj.; > fi), the dynamics remain similar to those observed in
the optimum frequency range, as indicated by comparable contour patterns in the mean flow

fields, with weaker spanwise dominant vortices.

In the second strategy, actuation is applied with equal time periods for the jet’s active and
inactive states. Two duty frequencies f7, are simulated with the synthetic jet frequency f7,
at the optimal frequency. The duty frequencies, f;; = 1 and 2, are of the same order of
magnitude as the shedding frequency and result in a relatively similar reduction in the mean
recirculation. Mode decomposition reveals that the dynamics are primarily controlled by the
periodic formation and release of large vortex clusters spanning all duty phases, as well as the
generation of spanwise vortices during the jet’s active state. The formation and release of
vortex clusters exhibit similarities to Scenario 3 in Chapter 6.

The reductions observed in cases with strategy II are close to the expected maximum reduction
in mean recirculation for strategy I, assuming similar momentum coefficients C, and using the
relationship in Eq. 7.9. This suggests the potential of strategy II, particularly in low-pressure
turbine applications, as it allows the actuation system to rest and prepare for the next
blowing and suction cycle. More research is needed to determine the optimum duty cycle and
frequency.

The final contribution of this thesis proposes an alternative flow control strategy that aims at
inducing the dynamics of Scenario 3 in a configuration with steady-inflow (Chapter 7). This
novel approach, consisting of periodic blowing-suction cycles with an inert state (actuation
strategy II), demonstrates the potential to match the optimum performance of periodic
blowing-suction without an inert state (actuation strategy I). Furthermore, an extended
analysis using the OVMD method reveals that the dynamics at low-frequency actuation, near
the shedding frequency, which correspond to the release of the large vortex cluster and scale
with the height of the bump (f5,, = O(f¥,.4)) in strategy I, resembling those of Scenario
2. Moreover, at the optimum frequency, the dynamics are dominated by the formation of
KH vortices, which enhance entrainment. Actuation strategy II, with a duty frequency in
the range of the shedding frequency, exhibits dynamics similar to Scenario 3, confirming its
potential as a superior strategy for controlling the separation region.
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Chapter 9

Conclusions and future perspectives

This thesis investigates flow separation in setups resembling the flow over low-pressure turbine
(LPT) blades at high-altitude cruising conditions (low Reynolds), aiming to understand
the fundamental physical processes of separated flow and its reattachment under unsteady
harmonic inflow and turbulent conditions, with a focus on developing potential flow control
strategies. The research has led to the development of a novel method for analyzing fluid flows
through mode decomposition and proposes an active actuation strategy to mitigate separation-
associated losses on low-pressure turbine blades. Furthermore, the thesis demonstrates the
capability of a high-order discontinuous Galerkin (DG) solver to accurately simulate unsteady
and turbulent flows.

Flow simulations are performed using a high-order DG-Spectral Element Method solver,
which is known for its superior accuracy in solving partial differential equations (PDEs)
compared to low-order methods. No additional turbulence modeling is introduced into the
compressible Navier-Stokes equations to avoid unphysical fluid behavior, particularly during
separation. In the validation case, which consists of LNS simulations of disturbance evolution
in Plane Poiseuille flow and turbulent channel flow, the high-order numerical simulations
accurately match both the theoretical predictions of LST and the reference results for the
turbulent channel flow. In simulations of laminar and turbulent boundary layer separation,
the high-order approach successfully captures the key physical phenomena. Although this
method entails significantly higher computational costs compared to low-order approaches,
its use in complex fluid analyzes is highly beneficial.

One of the most significant contributions of this thesis is the development of a novel mode
decomposition technique called Orthogonalized Variational Mode Decomposition (OVMD)
(Chapters 4 and 5). This method demonstrates a substantial improvement over existing
approaches in decomposing signals consisting of time-localized events, such as pulses or wave
packets. Its extension to multichannel applications, e.g., multivariate and multi-dimensional
flow fields, highlights its robustness and reasonable computational cost. The capability
of progressive OVMD to produce orthogonal dominant modes in sequence is particularly
advantageous for analyzing phenomena involving time-localized events or state transitions.

Another significant contribution of this thesis is the analysis of flow separation over a wall-
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mounted bump geometry under harmonic inflow variations (Chapter 6). This setup mimics the
periodic passage of upstream wakes in a multi-stage LPT. The study identifies three distinct
scenarios depending on the amplitude and frequency of the inflow oscillations, highlighting the
presence of large vortex clusters in two scenarios (Scenario 2 (alternation between KH vortices
and formation/release of large vortex cluster) and 3 (phase-locked formation and release
of large vortex clusters)) that effectively reduce the separation region. A criterion based
on the local acceleration parameter K is derived to categorize the dynamics into the three
identified scenarios. Extensive analyzes using the OVMD technique successfully distinguish
the unique characteristics of each scenario and the distinct generation processes of the large
vortex clusters. Additionally, OVMD captures time-localized phenomena, enabling a clear
distinction between Scenarios 2 and 3.

The final contribution of this thesis proposes an alternative flow control strategy that aims at
inducing the dynamics of Scenario 3 in a configuration with steady-inflow (Chapter 7). This
novel approach, consisting of periodic blowing-suction cycles with an inert state (actuation
strategy II), demonstrates the potential to match the optimum performance of periodic
blowing-suction without an inert state (actuation strategy I). Furthermore, an extended
analysis using the OVMD method reveals that the dynamics at low-frequency actuation, near
the shedding frequency, which correspond to the release of the large vortex cluster and scale
with the height of the bump (f},, = O(fJ,.4)) in strategy I, resembling those of Scenario
2. Moreover, at the optimum frequency, the dynamics are dominated by the formation of
KH vortices, which enhance entrainment. Actuation strategy II, with a duty frequency in
the range of the shedding frequency, exhibits dynamics similar to Scenario 3, confirming its
potential as a superior strategy for controlling the separation region.

To conclude the thesis, future research directions inspired by the findings of this work are
proposed:

o Integrating OVMD analysis with machine learning methods has the potential to enhance
physical understanding and provide insights into the non-linear relationships between
modes in more chaotic flows (dominant incoherent parts).

o Integrating OVMD analysis with the CFD solver will enable the efficient application
to the method to the investigation of three-dimensional phenomena in fluid flows,
fostering new physical understanding, sensitivity analysis, novel control strategies,
and/or innovative turbulence modeling. How simulation data is handled and processed
will be critical for the development of this capability. The OVMD method itself has
been demonstrated to provide accurate representations with minimal input data.

o Optimal criteria and conditions that effectively and efficiently promote large vortex
clusters for flow control strategies. Other potential applications of large vortex clusters,
beyond flow control, are equally compelling, such as in fluid mixing for combustion
processes.
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A. Compressible Navier-Stokes in
Horses3D

A.1. Navier-Stokes equations

The compressible Navier-Stokes equations are expressed in HORSES3D code in conservative
form as: 5

a—?+v.(fa—fv):s (1)
where q = [p, pu, pv, pw, pE]" | also known as conservative variables for 3D flow. Note that
all variables are written in non-dimensional form and normalized with reference values. The
fluxes for advection, £, and viscous, f", are written in primitive variables as follows:

]T

pu pv pw
p+ pu? puv puw
fi =1 puv , 5= ptp® |, =] pow (2)
puw PUW p + pw?
u(pE + p) v(pE + p) w(pE + p)
0 0 0
1 Trx ) 1 Tyx ; 1 Trx
1= Re. Tay ;v Iy = E Tyy , I3 = @ Tzy , (3)
TLBZ Tyz TZZ
v; Ty + KO T V;Toi + KOYT v;73; + KO, T

some relation for primitive variables:
u? + v? + w?
p=(r-1p|B- T @

o 1 + Tsuth/Too

3
= —T§7 5
a T + Tsuth/Too ( )

where T, = 110.4K and T, is the reference value for the temperature. The pressure p
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and the dynamic viscosity p are non-dimensional. Equation 5 is the Sutherland s law. The
non-dimensional thermal conductivity can be expressed as:

B B
T =) Pr My, (6)

where Pr is the Prandtl number, assumed to be constant. The stress tensor is expressed
using the Stokes hypothesis as

> AT = 2 -
Tzu((Vv) +Vv>—3u(V~UI). (7)
The temperature is calculated with ideal gas relation:
p
T = fyMrQef; (8)

Equation (7) is non-dimensional and results of p,.; = (]\/[,,ef)2 YprefRT ey, which is used to
define the non-dimensional pressure. Hence, the non-dimensional reference static pressure is

_ 1
Pamb 7A4Eef'

A.2. Advection flux - conservative variables

The advection flux can be expressed using conservative variables by defining the primitive
variable as conservative variables such as:

u:@, U:@, w="2 (9)
4 4 q1
(¢ ¢ qi)]
p=(r=1|as—5(>+2>+ 2] 10
( )[5 2<Q1 a1 q1 ( )

The expressions for the advection flux are as follows:

, q2 , , , qs
q 1(4a q q 49293
arO=Dls— 5 (G+3+3) ., no
fi = s = |- s -5 (FH R+
42494 4394
o | _w—nm(q%“%“i)} o | _w—nm<q§+q§+qi>}
L a7 2 \a "a " i L o TP 2 \a "a " i
g4
49294
qgclm
f5 = a 1 Q11 @ |, 9, ¢
il >[q5:zg(qltqltqlﬂ
a4 _0=Y (% %5 4
L qj 795 2 (q?—i_q?_'—qj)} i

(11)
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Appendix . A. Compressible Navier-Stokes in Horses3D

A.3. Viscous flux - conservative variables

Similar to the advection flux, the viscous flux can be expressed as conservative variables by
deriving the primitive variables in a conservative form. The velocity gradient in the x-direction

can be written as follows:

du 8(;) N 19gs  q20q

dr Or ¢ Or ¢ ox

@ _ B(Zf) _ 1 dgs Q35Q1_
ox Ox q Or ¢ Ox

ow 0 (Zf) 10g1  q10qa

or  Ox :qlax ¢ Ox

The concepts for the y- and z-directions follow a similar approach.

Temperature can be expressed in terms of the conservative variables as follows:

(¢ & ¢
T=( M2, |8 (2, G G
(07 =) Mry [% 2\ @ ¢

Its partial derivative in x direction is:

s _ 1 (% 4B 9
Z:(’YQ—’Y)MEefa{ZT 2<tg;_ Qiﬁ—i_q?)]

= (7" =) M7,

Ox q Oz @ Or 0

e [28)_02(2) wo(2) wol

e )Mgeflla%_%a%_%<1@q?_%3%

¢ \q1 Oz Q% Oz q1

ox

)

|

q1 Oqu

:(72_7>M36f[(13%_%5%_%8%_%8%>+

qor  @or @or ¢ o

R I A R
R B i S
qi qi qi q1 Ox
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The partial derivatives of T in y and z-direction are:

oT _ (2 _ 10¢5 _ 910qs _ 4:995 _ @200
B (v v)MrQef [ <q1 oy Goy ¢oy ¢ 83/) (15)
GG, g %) O
(qi” A ay}
oT 10gs q0qs q30q5 q20q
L - - ns | (L0 - w00 nle_e00) .
&, 8,4 %)%
(q? +Qi” i q1> 82]
The expanded viscous flux for 3D flow is as follows:
] 0 ]
1 (2 (24 8+ )
' = Fem w o+ )
e p (5 3)
a8 -5+ 8) + 8 (5 8) 8 (e 9] o
- 0 )
(58]
= n(2 =3 (5 + 5 +5) (17)
: (4]
b2 G+ lg -1 B2 B g
- 0 :
1 i
3 = Re n(5+ 5
- p(28 -5 (3 + 50+ 52))
-H%@%—>+%(”%w+$@%—%a+%M+%$
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B. Disturbance analysis - linearized
NS-equations

The compressible Navier-Stokes equations are expressed in HORSES3D code in conservative
form as:
dq

o V- (f@)" - f(a)) =, (18)

where all fluxes are expressed in conservative variables, as shown in Egs. (11) and (17).

For disturbance analysis, the base flow and its disturbance need to be separated in the
equation. The relation between the base flow and its disturbance with the conservative
variables q is as follows:

q(x,t) = q(x) + eq'(x, 1), (19)
where @ is the steady solution for simplicity, q’ is the fluctuation or disturbance, and e
represents the order of the term to signify small fluctuations. Using Eq. (19), the fluxes are
then split into the base flow and its fluctuation contributions.

Some algebraic manipulations and Taylor expansions that will be useful are:

1
qi

1 1 / 7 2 7\ 3
= — + o —6% + (E%) — <6({Z> + ... ] (20)
qi q; qi q; i

1 !
~N— + <—e?’2> Linearized

di
For linearized equation, higher-order terms of € are neglected.
1)’ 1 1
<€> = — ;T — (21)
Qi ¢ t€q; Qi
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. U
q;
4, / 1
i (@ + <) (qz- +qu>
) 1 / 2 A
= (qj +eq;) —(1-el <e%> - <e%> +
q; q; qi q;
_ 2 3
L U ([
by (qj+6q}> — =€k 4 <€q Sy
q; qi qi qi qi qi
_ !
qi i
7. A /7.
~ qT] + equ — eqfq; Linearized
qi qi q;
29k
qi
49 q, '\
i B . .
T2 = (g + €q)) [J + (H) ]
q; qi qi
o) )
I & ki
_ Qj_qk X (6(]ij>
q; q;
T ' 1 =l
~ Gy eq]_(]k - 6(]1(%]26]14 + Lk Linearized
qi qi qi q;
. Z—ZQ —

- 1 NG VAR N1
qi qi \ qi qi \4; q; q; Y

Linearized
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Appendix . B. Disturbance analysis - linearized NS-equations

_ / N 2
_12 q; /qz & ! ‘77&2 (25)
qj qj)
= =5+ | e
%2 ( %2
-2 ' 172
~ q_J—Q + 2¢ qfq; -2 ql_qé Linearized
q; q; qi
qu;zk N
2 —9 2\ /
= = (s + €q _+<e>
q; 2 q q;
_ _ _ 2 / 2 /
q; q
VI Yo gt e (é) + g, (é)
_Q; i i ) , q; i . g kA (26)
AL <eqf§k>
q; q;
725 ! a0 525 ~2 7
~ % + 2¢ %@_132% YL 3% +ell gk Linearized
q; qi q; q;
_>
2 —9 2\ / /
L= L) | |5+ (e~
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o> 1 (¢ | @ (1Y ANARY
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2 ’ 12
~ q_J—?) + QEqZCéJ -3 ql_qi Linearized
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oL
° ?:;—)
4
3(5) 1%_61733%
on

g On  q?on

1 1\ [9g
== tel— o te—
(qi (%))(0

_ [18%_%8%

q; On

oq’

J

on

contributions of the steady and fluctuating values

,.
€E—5
< %2

(s
& on qi28n]+{ <q> ot (
(2%

4i

(5

() (i

)

()

%45 \ 94 7,
— ZE€ —3 —672
qi on q;° On

oq;

e—=L

on

o
on

—_ 1

q; aqz/'

on

g, )

Y

nIx’y?

(29)
The above definitions simplify the notation for the disturbance equations by separating the
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B.1. Advection flux

Appendix .

as:

@*
q1

+ (eﬁ

£

124: ' 0=1
() - 5

12
Tro-Das (T

4293
g
4294

St

a”
Q1

Q)—‘
u>‘

S“m'

e“Qu
CAJ

The advection/Euler flux can be expressed more concisely as

£o = £ 4 of']

Using a similar process, f§ and f§ can also be expressed as

fy =5
Hence, the advection flux is given by
V-

f(q)

G + €qy
/
ql))+(v—1) [%Jre%—g(

(e

qa”

q1

42Q4 +( 2(14)

B. Disturbance analysis - linearized NS-equations

Using the operation and notation described above, the advection/Euler flux can be expressed

o () g () e ()]
QQQS +( Q2q3)’

q_2q_32

/
9243

) o () s ()

)]

+ €f’y

fy = £ + ef’

(30)

(31)

(34)
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q1
£ = |2+ (-1) |6 1(%4((1"212 + & e
Bba-s2 (e 5+ 9)
i .
)
g1
(%%)I +(v—1) {qu —1((e
(6%114)/
q1
7 (emm) - 050 ((ed) +
qa
fo @i
3

€q, /
q294
g1
(%)l +(v—1) {qu ~1
(e 3 () + e
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Appendix . B. Disturbance analysis - linearized NS-equations

B.2. Viscous flux

Some external expressions are needed to be defined in order to separate viscosity, p, into its
steady and fluctuation contribution. The equation for temperature can be divided as

1 2 2 2
Tzw%wMQJf—Cb+%+%ﬂ

a 2\¢ @ a
— —9 —9 —9
2 s |G 1 (¢ q3 qa
:7_’7Mre - — = - ++>1
( JMres [91 2 <Q12 a? @l (37)

e () =5 () + (2 - ()

With above expression the viscosity can be written as

=T+ €T’

o 1 + Tsuth/Too = 5
= (7 e) + Tom T (T +e1")? (38)

3
2

_ _ 3
The term (T + €T’ ) can be divided into the steady and fluctuation such as (T + €T’ ) =

_ _ 3N/
T2 + (e (T + 71’ ) 2) . For Linearized equation, it can be approximated with steady and linear
3

relation such as (T + €T ) 2T

3
2

+ E%T,T%. Hence, equation (2.21) can be modified into

Njw

1+ Toun/To \ | 1
ILL:

T"’Tsuth/TOO _1 +Eﬁ

(T + 1)

3
2

(T +e1)

(1 + Tsuth/Tw> X T N ( T’ )2
== — €= €= — ...
T + Tsuth/Too T + Tsuth/Too T + Tsuth/Too

=i+ e
=3
o (At Toun/Too \ [ By, TT2
T+ Tsuth/Too 2 T+ TSUth/TOO

~ <1+Tsuth/Too> T
T + Tsuth/Too
Equation (2.22) is approximate it as Linearized equation. The fluctuation value for non-
Linearized equation can be obtained with similar idea of equation (2.4), e/ = u(T+€eT")—u(T).
The non-dimensional thermal conductivity can be expressed as

(39)

[Ny

- [ 4
K= + €
(Yy=1)Pr My (yv—1)Pr My (40)

- /
=K+ €R

181



Himpu Marbona

The gradient of temperature in x-direction can be expressed as

(e a) ) (5 wee) - (e ) ) (5 +58)
-(Z§+6(532))(%f+%?)-(2 () ) (5 +5)
clamee() v (d) chee(@)

&e(8) ] (3 58]

oT

o = (F =M

(41)

The steady and fluctuation components are then separated into:

or 10¢s  qa0qs g3 043 ¢z Ogo R B oq
— ~YM? i A= THs 48 THS | ds TH2 T A .
ax (’7 IY) ref [ <q—1 or q—12 or q—12 or (]—12 Or + q—13 + q—13 + (]—13 - Or

( >8q‘5+6<}+6<1>>aq5 <q> 90

Q) Oz Q1 2

(Ge(in) ) o< (im) 32 e (Ge(m) ) o

q1 0 qq

(e (&, (e\\oh  (6)\00, (6 0%
6(6]12) Ox 6(6%“(#)) x+€<fl¥’> o (cﬁ’ O
( 2

+ (72 - W)Mref

a\ Oq ( >8Q1 lQQZ (%)l q3 <q2>, qa?
(B + |25 +e + 2ot + =

q‘f) Ox Q1 Ox s Q1 QI3 Q1 QIS

-6}

at @’ qi Oz

or  oT orYy'

or Oz

(42)

With above equations, the viscous flux components can be written by separating the steady
and fluctuation variables. The viscous flux components written below omit the R% term for
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B. Disturbance analysis - linearized NS-equations

simplification. Defining the stress tensor component without viscosity such as,

1

= Tpw + €T,
o
, =20, < )— 8x<QQ>+8 ( >+az<
¢ 31" \& "0
:fyy—i-ETyy
o
o8] 3 (2) a2
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v y(fh) (c_h)
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Tpr = Top = O, <q2>+8w<q4>
41 q1
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(49)
Similar with advection flux, it can be expressed in shorter notation as
£~ £+ ef’] (50)
With similar process fj and f also can be expressed as
£ ~ £ + ef’) (51)
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£) ~ 7 + f';

(52)
Hence, the viscous flux in equation (2.1) can be expressed as
Vo f(@) =V (@) + - (@) (53)
e y-direction
fo1 =0 (54)
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Appendix . B. Disturbance analysis - linearized NS-equations
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C. Empirical Filter Bandwidth

Algorithm 4 Empirical bandwidth
INITIALIZE (N < length(w), {Wieft} = Wimnazs {Wright} <= 0, Ttonat; Goid <— 1, 1)

Compute { X} < [FFT{ X V)|one—sided
Extract local maxima {XIOC} and its index location {ij,.} within w[i —n : i+ n] from the
spectrum {X}
Remove false maxima in broadband peaks
For consecutive maxima with R > 74,4, add minima:
fori=1: length(f(loc) —1do
R maz(Xioe (1], Xioe[i+1])
min(Xiocli], Xioc[i-+1])
if R > riyny then
if any (Xoe|i] or Xpe[i +1]) is narrowband then
Xloc — Xloc U X[iloc[i] + 1] and / or Xloc — Xloc U X[iloc[i + 1] — 1] with index in iloc
else
Xioe ¢ Xige Umnin (X [isgeli] + 1 igacli + 1] = 1]) with index in ijo,
end if
end if
end for
SORT {Xloc} and 4;,. by index location i,

UPDATE {wiest} and {wyignt} -
fori=1": length(f(loc) do
if Xloc[i] is a maxima and 7;,.[1] > iy then
for j=i+1: length(Xloc) do

le:[ﬂ
R « Xloc[.ﬂ
if R <1 then

break
else if R > 74,4 then
inew — iloc[j]
Wright [iold : Z‘new - 1] — w[inew]
Z'old — inew
break
end if
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end for
for j =max(i—1,1): —1:1do
Xioeli
Re g
if R <1 then
break
else if R > ry,,u then
Z.new < iloc[j]
Wie ft[MIN(inew, N) @ N| <= wlinew]
break
end if
end for
end if
end for
COMPUTE {Whpand}:
Whand

2 min(|w g —Wdown |;|w g —wup|) X (W5 (2)—wx (1))

1 T T T T T
Eu;05 s |- — SNR=10 ---x SNR=5 -~ SNR=1|1
I H —
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0.1¢ I e = -
I Lo S i nas o I e
o o Lo I TTITT e
[ [ [ I o (| [ B
0.01 4 11 | L1 | | | [T | L | 11 | L1
f(t:20 f(::()l f(:zl fr':4 fc:16 f<r:40 f(::22
Xi;uz
(a) noise level SNR
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0.1H 1 ISERRIETER- TN RIEEN| VR i E
I T I O R O el 1 ot s o IO
I I i i T0 7 e
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fCZQO fc:()-l fc:l fB:4 fC:16 fc:40 fc:22
Xi;u7
(b) sampling frequency fs
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0.1H 1 B f Il - " o B
Lo R TR
I [ i e O T e
[ [ [ I o [ e N
0.01 4 11 | L1 | L | 11 | L1 | L | L1

fc:20 f(:()l fr:zl f(:4 f(r: 6 f(t:40 f(::22
Xisug

(c) sampling time t;

Figure 1: Energy sensitivity of POVMD modes with different level of noise, sampling frequency,
and sampling time; without (vertical lines) and with noise (boxplot)
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D. Simulations considering the NASA
hump

To demonstrate the generality of the physical phenomena with respect to other wall-bounded
bump geometries, an analogous study is conducted on a wall-mounted modified Glauert hump
model (Greenblatt, Paschal, Yao, Harris, et al., 2006; Seifert and Pack, 2002), often referred
to in the literature as the NASA hump. The setup of the simulation is shown in Fig. 2. The
domain of the simulation is (13 x 0.909 x 0.5) m in the longitudinal, normal, and spanwise
directions, respectively. A scaling of the hump geometry allows the reference chord length of
the model, Lg.s to be unity. The ratio of the hump height to the channel height is identical
to Greenblatt, Paschal, Yao, Harris, et al., 2006, which is 0.1407. The domain is discretized
into 77,616 high-order elements and simulated with 3"4-order polynomial (4,967,424 DOFs).
The fringe region starts from Zgq = 3 m with A, = 2 m and X = 400.

The boundary conditions of the domain are nearly identical to the aforementioned study but
a free-slip condition is imposed at the upper boundary. In the harmonic inflow cases, the
total pressure variation with time follows Eq.(6.1), with p; sicaqy = 102143 Pa. Simulations
are conducted with the inflow air density p = 1.184 kg/m3, and the dynamic viscosity
(= 1.366 x 1073 Pa.s. In these conditions, the flow has a characteristic Reynolds Re = 30, 000
and Mach 0.1 at the inlet for the steady inflow. The Reynolds number based on the maximum
height of the recirculation region and respectively the length of the separated region are
Reyp, =~ 3840 and Rey, = 37380. These numbers are comparable with those of the simulations
presented in the paper. The Reynolds number based on the boundary layer momentum
thickness at the separation point is Rey, = 171. Based on the proposed scaling on Hasan,
1992 and Sigurdson, 1995, the natural frequency of shedding of the KH vortices is fj; ~ 2.1

*

and the vortex cluster shedding frequency is fJ,.; ~ 0.6 — 0.7.

Table 1 summarizes the cases simulated, showing the harmonic inflow parameters, the mean
and oscillation amplitude of the streamwise velocity at a reference point, (x,y, z) = (0,0.9,0.25)
m, the time-averaged length of the separated flow region and its reduction with respect to the
steady inflow. The instantaneous spanwise vorticity for the harmonic inflow cases (A;, = 0.005,
fx =0.25) and (A;, = 0.05, fi = 0.5) are presented in Figs. 3 and 4, respectively. The
first case recovers scenario (i), dominated by KH vortices, while the second one shows the
phased-locked formation and release of the vortex cluster, characteristic of scenario (iii).
The classification of the cases for the NASA hump geometry is given in Table 2 along with

the minimum value of the acceleration parameter components computed at the wall-normal
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coordinate y = 2.778h. This coordinate is the same used for the computation of K in Section

6.3.
Inlet: Upper Wall: Outlet:
Total pressure, p; steaay = 102 143 Pa Free-slip Sides: Static pressure
Total temperature , T, = 291.2K / Periodicity p =101325Pa
0.909 / ld (;
Y /ines : ¢ (
\ il \ 3
HH \
HH \
\ i A\
\ \ M1 ‘1 ‘I
0.128 1} ) =
-6.39 j -2 1 2 6.61
Lower Wall: x/LRef
No-slip, adiabatic
0.5 — !}
Z/LRef vas ii
- I
0 = ll

Figure 2: Computational domain, representative mesh, and boundary conditions for NASA Hump

cases .

Table 1: Summary of the cases simulated for the NASA hump, including the definition of the inlet
pressure condition and the characterization of time-averaged and phase-dependent values
of the reference streamwise velocity and the length of the recirculation region L.

t:;ata Am ;7, a*@Ref AU*@Ref L [m] ALS [1’[1]
27 - - 1.0958 - 1.2460 -
16 0.005 0.25 1.0974 0.0339 1.2284 -0.0176
16 0.006 0.5 1.0967 0.0348 1.0012 -0.2448
16 0.025 0.25 1.0953 0.1699 0.8610 -0.3850
12 0.025 0.5 1.0932 0.1744 0.4531 -0.7929
12 0.05 0.5 1.0887 0.3498 0.4079 -0.8381
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Appendix . D. Simulations considering the NASA hump

szRef
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Figure 4: Instantaneous spanwise vorticity for the NASA hump. A;, = 0.05 and f};, = 0.5.
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Table 2: Classification of the cases for the NASA hump geometry. Minimum values of the time-
averaged and phase-averaged streamwise acceleration parameter. The first row corresponds
to the steady inflow case

Ain f* Azn ;kn szn <K Zmin < K@u/@x Zmin < K@u/at > min Scenario

7

x 1076 x 1076 x 1076 x 1076
- 605  -6.05 -6.05 ; (i)
0.005 0.25 0.00125 -6.78 -15.24 -15.28 -0.18 (1)
0.005 0.5 0.0025 -8.51 -19.61 -19.85 -0.27 (ii)
0.025 0.25 0.00625 -9.15 -20.53 -20.40 -0.28 (ii)
0.025 0.5 0.0125 -10.02 -24 .48 -25.29 -3.66 (ii)
0.05 05 0025 -1670  -42.77 43.74 -8.33 (iii)
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E. Appendix to 2D Synthetic Jet
Results

E.1. Shedding mode: laminar and turbulent inflow -
without control
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0—= : T i B v ad
T 20 . 0 0.1 0.2 0.3 .4
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| 0.085 ¢
C12 fi =263 J\ p-085 .
—ode =20 qp o Vs
Y [ ! I
s, &
. 0L = S
s 19 20 21 0 0.1 0.2 0.3 0.4

Figure 5: OVMD modes correspond to the shedding mode - Bump with laminar inflow without
control - decompose with instantaneous data
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Figure 6: OVMD modes correspond to the shedding mode - Bump with turbulent inflow without
control - decomposewith instantaneous data
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E.2. Instantaneous flow field: turbulent inflow

szRef
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—:—
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Figure 7: Instantaneous spanwise vorticity. Turbulent boundary layer, Aje; = 0.2 — et =
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Figure 8: Instantaneous spanwise vorticity. Turbulent boundary layer, Ao = 0.2 — et = 10
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Appendix . E. Appendix to 2D Synthetic Jet Results

E.3. Mode Decomposition: turbulent inflow with actua-
tion Strategy I

In this section, the corresponding OVMD modes in the control case with Strategy I and with
turbulent inflow are presented. The decompositions were performed using instantaneous flow
field data as input.

1¢
0.5¢ : [JE ;= 0.38
: A, ‘ SN
01 i
E E M4 10 Mlﬁ
0.01}
0.001 M]. MQ M?) M5 Mﬁ MS MQ M].l M]? Ml?} M]4 M15

027 058 15 16 20 23 36 39 45 54 63 83
Center Frequency f

Figure 9: Energy ratio of modes - turbulent - A;¢; = 0.2 — Get = 2

0.5? [CE gy =0.71]
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Figure 10: Energy ratio of modes - turbulent - Aje; = 0.2 — f7, = 16
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Figure 11: OVMD modes 1-8, represented by spanwise vorticity, for the Bump with turbulent

*

boundary layer and Aje; = 0.2 — f7,, =
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Appendix . E. Appendix to 2D Synthetic Jet Results
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Figure 12: OVMD modes 9-16, represented by spanwise vorticity, for the Bump with turbulent
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boundary layer and A = 0.2 —
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Figure 13: OVMD modes 1-8, represented by spanwise vorticity, for the Bump with turbulent
boundary layer and Aje; = 0.2 — f7,, = 16
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Appendix . E. Appendix to 2D Synthetic Jet Results
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Figure 14: OVMD modes 9-16, represented by spanwise vorticity, for the Bump with turbulent
boundary layer and Aje; = 0.2 — f7,, = 16
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Figure 15: OVMD modes 17-24, represented by spanwise vorticity, for the Bump with turbulent
boundary layer and Aje; = 0.2 — f7,, = 16
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Appendix . E. Appendix to 2D Synthetic Jet Results
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Figure 16: OVMD modes 25-32, represented by spanwise vorticity, for the Bump with turbulent
boundary layer and Aje; = 0.2 — f7,, = 16
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Figure 17: OVMD modes 33-40, represented by spanwise vorticity, for the Bump with turbulent
boundary layer and Aje; = 0.2 — f7,, = 16
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