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ABSTRACT
Coherent motions from a free-stream cylinder wake

were shown to induce phase-modulation behavior in scale-
interactions inside a neighboring turbulent boundary layer.
Wake/boundary layer interactions occur in a wide range of en-
gineering problems, and they reorganize the structure of the
near wall flow in ways that substantially impact skin fric-
tion and heat transfer properties. In this experimental study,
we quantified the boundary layer reorganization due to a
free-stream cylinder wake in terms of spatial phase-lag rela-
tionships between large- and small-scale motions within the
boundary layer, which were shown to be highly affected by
the structure of coherent motions in the wake. By averaging
the scale interaction spatial-lag with respect to the period of
the wake vortex shedding, we identified a phase-modulation
process between large- and small-scale features which may po-
tentially be exploited for fine-tuning future control strategies.
Steady rolling-wall actuators on the cylinder were also used to
modify the wake shear layers in order to show how the phase-
modulation and minimal phase-lag condition between scales
can be manipulated.

BACKGROUND
Understanding the interactions between large- and small-

scale coherent structures in turbulence is critical in developing
efficient control strategies for turbulent flows. Bandyopadhyay
& Hussain (1984) first proposed a filter-based decomposition
of an instantaneous flow measurement into a large-scale signal
and an envelope of small-scale fluctuations. This decomposi-
tion has been subsequently used to infer the existence of am-
plitude modulation relationships between the scales (Mathis
et al., 2009). Marusic et al. (2010) showed how a linear model
for scale interactions can be used to predict near-wall behav-
ior from outer-flow sensors, which can then be exploited for
active drag reduction (Abbassi et al., 2017). Most of the re-
search on this scale-interaction problem has been focused on
canonical flows — primarily zero-pressure gradient boundary
layers and channels — where the relationships between large-
and small-scales appear largely consistent, as expressed via
phase or skewness measures. The scale interaction problem

has also been explored in non-canonical flows, in the presence
of favorable or adverse pressure gradients (Harun et al., 2013),
high levels of free-stream turbulence (Dogan et al., 2016),
and downstream of roughness transitions (Li et al., 2023), all
of which modestly shift the observed spatial lag between the
large- and small-scale fluctuations.

To further interrogate these scale-interactions, artificial
large-scale motions (LSMs) have been injected into a turbu-
lent boundary layer by flow actuation to observe their sub-
sequent relationship with small-scale fluctuations. Whether
these artificial LSMs were generated via oscillations at the
wall (Jacobi & McKeon, 2017) or via plasma actuators in the
free-stream (Ranade et al., 2019) or from inside the bound-
ary layer (Lozier et al., 2023), they were observed to organize
the small scales very similarly to the organization imposed by
natural LSMs, albeit with shifts in the spatial lags separating
the different scales. While the motivation for artificially in-
jecting VLSMs into the boundary layer was the development
of practical control schemes, there is also an entire class of
wall-bounded flows that involve the natural injection of highly
structured LSMs: boundary layers in the presence of periodic,
free-stream wake shedding. The interaction between a bluff-
body wake and a wall is important to turbomachinery, wind
farms, heat exchangers, and a variety of fluid-structure interac-
tion problems (Bearman & Zdravkovich, 1978; Squire, 1989).
And, depending on the Reynolds number, Re, the wake natu-
rally contains coherent LSMs in the form of shed vortices that
can penetrate the neighboring boundary layer, initiate transi-
tion in laminar flows, or reorganize the near-wall structure of
turbulent flows. De Souza et al. (1999) have shown that these
wake LSMs can exert substantial influence on both drag and
heat transfer, although the precise mechanisms have not been
explained in the context of the influence of large-scale struc-
tures on small scales. Therefore, wake/boundary-layer flows
are an ideal test case for examining the unsteady injection of
large-scale motions into a boundary layer of significant engi-
neering importance.

In this study, we describe the interactions between large-
and small-scale coherent motions in a turbulent boundary layer
exposed to a freestream cylinder wake in order to explain the
influence of periodic coherent structures on the scale interac-
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Figure 1: (a) Sketch of the actuated cylinder embedded with four freely rotating rollers. Only the two marked rollers were
used for the actuation experiments. (b) The experimental layout with the cylinder oriented spanwise (z). The x-averaged
boundary layer thickness, δ , is marked by the dashed line.

tion problem near the wall. In particular, we identify a phase-
modulation process between large- and small-scales due to the
wake, show how this produces a minimum spatial lag between
the scales, and utilize steady flow actuators on the cylinder to
modify the minimum spatial lag behavior.

EXPERIMENTAL METHOD
The turbulent scale interactions in the wake/boundary

layer problem were studied experimentally in a high speed wa-
ter tunnel facility (test section length 2m; square cross-section
dimension a = 0.2m). A modified cylinder with four equal-
spaced, azimuthal, ‘rolling wall’ actuators was suspended at
the upstream side of the test section at mid-plane. To accom-
modate the actuators, the cylinder diameter was quite large at
D = 40mm which created an appreciable blockage in the flow
field, D/a = 0.2. The rolling walls were embedded cylinders
(‘rollers’) with diameter d = 13.5mm. The rollers were inde-
pendently rotated by four motors, although in the present study
only the top and bottom rollers, situated near the natural sepa-
ration points, were utilized, as shown in figure 1(a).

Measurements of the turbulent boundary layer were made
along the lower tunnel wall at the downstream end of the test
section using two-component, planar, particle image velocime-
try (PIV) at the central streamwise/wall-normal (x/y) plane that
was time-resolved for large-scales only. The field of view
started 12D downstream of the cylinder, and extended for ap-
proximately 8D in the streamwise direction and from the wall
to the tunnel centerline in the wall-normal direction. More
details about the water tunnel and PIV measurements in the
tunnel can be found in Cui et al. (2022). Figure 1(b) shows the
overall layout of the experiment.

Experiments were performed at a cylinder Reynolds num-
ber, ReD = U∞D/ν ≈ 105, where the freestream velocity U∞

was measured at the inlet of the test section, and the kinematic
viscosity is ν . Due to the presence of the cylinder wake, the
boundary layer downstream was highly distorted, and its thick-
ness, δ , was defined as the location of the local maximum ve-
locity, which occurs where the shear layer of the wake inter-
sects with the intermittent edge of the boundary layer. Three
experimental scenarios were observed: the boundary layer
downstream of an unactuated freestream cylinder, the bound-
ary layer downstream of an actuated cylinder, and a canonical
boundary layer without the presence of a cylinder wake (at
similar Reynolds number, Reδ , to the wake-modified bound-
ary layers). The canonical boundary layer without the cylinder
had Reτ = uτ δ/ν ≈ 2150 where the friction velocity uτ was

obtained by a modified Clauser fit. For each scenario, 10 PIV
recordings were made at 0.4KHz with two high speed cameras
(Phantom VEO-340L and VEO-440L), each at spatial resolu-
tions of 2560 × 1600 pixels. Table 1 lists the physical dimen-
sions associated with the experiments and the corresponding
measurement resolutions in dimensional and outer units.

Figure 2 shows wake/boundary-layer profiles of (a) the
mean velocity and (b) the turbulence intensity for different
streamwise locations downstream of the cylinder, in gray. The
red line corresponds to the profile for the canonical bound-
ary layer (without a cylinder). Figure 2(c) shows the tempo-
ral spectral map of the boundary layer as a function of fre-
quency, f , across its wall-normal extent, y/δ , averaged over
the streamwise direction. The cylinder sheds large-scale vor-
tices with a Strouhal number of St0 = f D/U∞ ≈ 0.22 (which is
slightly higher than the classical result due to the blockage ef-
fect of the tunnel). Contour lines from the same spectral map
of the canonical boundary layer (converted from the spatial
spectrum via Taylor’s hypothesis due to low temporal resolu-
tion) are superimposed for reference, and show that the vortex
shedding in the wake exerts a significant influence on the nat-
ural LSMs in the boundary layer itself, largely overwhelming
them.

SCALE INTERACTION ANALYSIS
In order to examine the relationship between the large-

and small-scale features of the wake-modified boundary layer,
the velocity fields were decomposed following the general
procedure of Bandyopadhyay & Hussain (1984) in which the
Reynolds-decomposed, fluctuating streamwise velocity signal,
u, was low-pass filtered to obtain a large-scale signal, uL, and
the remainder of the fluctuating signal, uS = u− uL, was en-
veloped by the Hilbert transform (Mathis et al., 2009) and
then rectified to obtain an envelope signal, E{uS}, that was
compared with the large-scale scale signal via correlation tech-
niques. However, unlike most of the previous studies on scale
interactions, we performed the scale decomposition and filter-
ing in the spatial domain in order to obtain the resulting spatial
large- and small-scale fields as a function of time. By preserv-
ing the time-dependence of the scale decomposition, we were
then able to observe how the scale interactions evolved in time,
and, in particular, how they varied over an average period of
the wake oscillation.

The spatial instantaneous velocity fields were filtered us-
ing a one-dimensional, 3rd-order, zero-shift, Butterworth filter
for each wall-normal location, independently, with spatial cut-
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Reδ U∞(m/s) δ (m) uτ(m/s) Lx/δ Ly/δ ∆x/δ ∆tU∞/δ δ/D

Boundary Layer (BL) 5.7×104 2.39 0.024 0.093 11.9 3.7 0.019 0.25 0.58

Wake-Modified BL 5.1×104 2.30 0.022 - 14.5 4.5 0.021 0.26 0.55

Actuated Wake-Mod. BL 4.1×104 2.30 0.018 - 17.7 5.5 0.025 0.32 0.45

Table 1: Key physical and measurement parameters in the experiment: free streamwise velocity, U∞, measured at the test
section inlet; boundary layer thickness, δ ; friction velocity, uτ ; streamwise field-of-view, Lx/δ ; wall-normal field-of-view,
Ly/δ ; spatial resolution, ∆x/δ ; temporal resolution, ∆tU∞/δ ; ratio of boundary layer thickness to cylinder diameter, δ/D.
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Figure 2: The boundary-layer wake profiles at different streamwise locations, x, for (a) the mean velocity, U and (b)
the streamwise Reynolds stress calculated from u = U −U . Lighter gray with increasing streamwise location: x/D =
12,16,20. (c) Pre-multiplied temporal energy spectral density across wall-normal positions, y; the temporal-equivalent
filtering cut-off is marked in red; blue contour levels from the canonical boundary layer.
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Figure 3: A single frame of the spatially filtered, instantaneous, streamwise velocity field showing (a) the large-scale
signal, uL, and (b) the small-scale envelope, E{uS}, with mean removed. The black dashed line is boundary layer. (c) The
correlation coefficient, Ru, for the canonical boundary layer (red) and the wake-modified boundary layer (black).

off wavelength, λc ≈ D. The spatial filter cut-off is equivalent
to a temporal cutoff of Stc = 5St0 using the free-stream ve-
locity, U∞, and Taylor’s hypothesis and is marked as the red
dashed line in figure 2(c). Figure 3(a) shows the large-scale
signal from a representative instantaneous snapshot of the flow,
and figure 3(b) shows the corresponding envelope of the small-
scale fluctuations (with mean removed). The downstream in-

clination of the structures is clear in both filtered signals.

The relationship between the large- and small-scale struc-
tures has been characterized by a cross-correlation function
(Bandyopadhyay & Hussain, 1984) and a correlation coeffi-
cient (Mathis et al., 2009). The spatial cross-correlation func-
tion for the streamwise velocity, ru (∆x,y, t), for a single pair
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Figure 4: The ensemble-averaged cross-correlation function, ⟨ru⟩(∆x,y), for (a) the canonical boundary layer and (b) the
wake-modified boundary layer. The local extrema for each y-location are marked in black points; the absolute extremum
at each height is circled in white. The location of the jump between a positive extremum near the wall and a negative
extremum away from the wall corresponds to the location where Ru = 0. (c) Cartoons of the relative spatial orientation of
the large scales (red and blue for positive and negative modes) and small-scale envelope (green).

of fields at time, t, was defined as

ru (∆x,y, t) =
uL (x,y, t) E{uS}(x+∆x,y, t)〈

u2
L

〉1/2〈
E{uS}2

〉1/2
, (1)

where (·) indicates averaging over x and ⟨·⟩ indicates averag-

ing over t, and ⟨u2
L⟩

1/2 and ⟨E{uS}2⟩1/2 are the global root
mean square (rms) values of the two filtered velocity fields
for each y-location. Ensemble averaging the cross-correlation
function over all t yields ⟨ru⟩(∆x,y), which is equivalent to the
global cross-correlation function used by Bandyopadhyay &
Hussain (1984). Evaluating the global cross-correlation func-
tion for lag ∆x = 0 yields the correlation coefficient, Ru(y) =
⟨ru⟩(0,y) used in Mathis et al. (2009).

Figure 3(c) shows the correlation coefficient as a function
of wall-normal location for the canonical boundary layer (red)
and the wake-modified boundary layer (black). As seen in pre-
vious studies, the coefficient is positive near the wall, crosses
zero and is then negative far from the wall. Mathis et al.
(2009) associated the zero-crossing location for the canonical
boundary layer with the location of the outer peak of turbulent
spectral energy associated with LSMs, situated in the middle
of the log layer, and that is consistent with the current mea-
surements, with a zero-crossing around y/δ ≈ 0.09. However,
for the wake-modified boundary layer, the zero-crossing shifts
outward to where the wake shear layer intersects the edge of
the boundary layer, at around y/δ ≈ 0.94. This shift indi-
cates that the large-scale features of the wake shear layer com-
pletely overwhelm the natural LSMs of the boundary layer it-
self, thereby reorganizing the structure of the amplitude mod-
ulation between scales.

Figure 4 shows the full maps of the cross-correlation func-
tion, ⟨ru⟩(∆x,y), for (a) the canonical boundary layer and (b)
the wake-modified boundary layer downstream of the unactu-
ated cylinder. The peaks of the cross-correlation indicate the
dominant spatial phase-lag between the large- and small-scale
signals, ∆x(y). Jacobi & McKeon (2013) interpreted this lag in
terms of the relative spatial orientation of the large- and small-
scales, illustrated schematically in figure 4(c). The canoni-
cal boundary layer shows an increasing spatial lag, with the
small-scale envelope leading the large-scales, and the Ru = 0
location corresponding to an approximate lag of a quarter of

the dominant wavelength (i.e. a phase-lag of −π/2). The
wake-modified boundary layer displays a much more gradual
increase in the spatial lag, where the quarter-wavelength lead
of the small-scale envelope occurs only at the outer edge of
the boundary layer itself. The presence of the wake structures
therefore brought the large- and small-scale envelopes closer
together (over most of the boundary layer thickness) compared
to the flow without the wake. Moreover, the small spatial lag
beyond the edge of the boundary layer indicates a distortion of
the scale envelopes, generating an upstream inclination due to
the presence of the wake shear layer. Here we illustrate that
distortion in the small-scale envelope only, for simplicity; the
PIV spatial resolution makes it difficult to assess whether the
distortion also occurs in the large-scales.

PHASE MODULATION BEHAVIOR
The cylinder Reynolds number was quite modest (ReD ≈

105) resulting in highly periodic wake shedding with a promi-
nent spectral peak shown in figure 2(c). Therefore, the scale-
interaction behavior inside the neighboring boundary layer
was studied in a phase-locked sense as it varied over a well-
defined period of wake-shedding. To perform the phase-
averaging, first the y-averaged, large-scale vertical velocity
signal, ⟨vL(x, t)⟩, was obtained via temporal filtering of the
fluctuating velocity field at a frequency cut-off, (U∞/D). The
spatial correlation coefficient, Rv(t), between this signal and a
synthetic spatial signal, sin [2πx/(D/St0)], was then calculated
for each time, t. This process eliminated x without naively
averaging over the streamwise direction. Then the peaks of
the Rv(t) signal were identified and n = 31 phases were as-
signed between the peaks in order to obtain a phase signal,
φ(t), that recorded the discrete phase for each t, which was
used for phase-averaging.

Using the phase signal, the phase-averaged cross-
correlation function, ru(∆x,y,φ), was calculated from the lo-
cal cross-correlation functions, ru(∆x,y, t), at each time. Then
the phase-averaged spatial lag, ∆x(y,φ) was calculated from
the cross-correlation peaks. We found that ∆x(y,φ) oscillated
periodically about the global spatial lag, ⟨∆x(y)⟩, which was
obtained by tracing along the cross-correlation peaks in fig-
ure 4(b). Figure 5 illustrates the averaged vL signal over time
(red), which was used to phase-lock the local cross-correlation
functions for phase-averaging, in order to obtain the phase-
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Figure 5: A schematic illustration of the phase-locked lag calculation. A phase signal (red) based on the filtered wall-
normal fluctuation was used to tag each of the pairs of velocity fields, uL and E{uS}, with a phase φ(t). The local
cross-correlation function, ru(∆x,y, t), was then phase averaged, and the spatial lag, ∆x(y,φ), was obtained.
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Figure 6: (a) Phase averaged relative spatial lag, ∆x′(y,φ) showing the phase modulation behavior. The black line marks
the minimal spatial lag, where the large- and small-scale envelopes are spatially closest. (b) A sketch of the globally-
averaged small-scale envelope (gray) and phase-dependent envelope (green) varying over a period, where the y-location
of minimal spatial lag, ∆x′min, varies with phase.

averaged spatial lag, ∆x(y,φ) (blue), which varies periodically
about the global spatial lag, ⟨∆x(y)⟩ (green), over a period of
oscillation.

The oscillation of the spatial lag between scales over time
provides the first evidence that the present authors are aware
of for the existence of phase-modulation in unsteady, turbulent
scale interactions. Not only do the large scales modulate the
amplitude of the small-scale fluctuations as reported by Mathis
et al. (2009), but the spatial phase-lag between the scales is
itself modulated by the large-scale, periodic oscillations in an
unsteady flow.

We examined the phase modulation more clearly by sub-
tracting the global lag from the phase-averaged lag to define
a relative lag, ∆x′(y,φ) = ∆x(y,φ)−⟨∆x(y)⟩, as shown in fig-
ure 6(a). The phase modulation behavior is quite prominent
and varies with wall-normal location. The peak of the red re-
gion (black line) indicates the lowest magnitude (most posi-
tive) change in the spatial lag, ∆x′min, i.e. the phase during
the oscillation in which the large- and small-scale envelopes
are spatially closest to each other. The y-location of mini-
mal spatial lag varies with phase. Therefore, for a fixed wall-
normal location, we can speculate that certain phases of the
dominant period may be more amenable to flow actuation of

small-scales via large-scales since the two envelopes are spa-
tially closer during those phases. The phase dependence of the
small-scale envelope is illustrated schematically over a period
in figure 6(b), where the gray scale represents the globally av-
eraged envelope of small-scale mode and the green represents
the phase-dependent envelope of the small-scales. However,
this cartoon could be drawn equivalently with respect to phase-
dependent variations in the large-scales, as noted above.

ACTUATED CYLINDER WAKE
In light of the speculation above that the minimal spatial

lag condition may be a useful target for future flow control,
we considered how that minimal spatial lag condition could
be modified by actuating the cylinder in order to reorganize
the shear layers of the wake. The rolling wall surfaces on the
top and bottom of the cylinder were operated with a tangential
velocity ratio of α = ui/U∞ = 0.7, which led to a flatter wake
defect profile, with higher velocity in the core of the wake, and
a thinner boundary layer at the wall.

Figure 7(a) shows the global correlation map for the
boundary layer downstream of the actuated cylinder. The lo-
cation of Ru = 0 shifted closer to the wall, within the bound-
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Figure 7: Spatial lag modifications due to actuation of the wake: (a) the global cross correlation map; (b) the phase-
averaged spatial lag between scales, where the dashed line corresponds to the minimal lag condition (solid line is for the
unactuated case). (c) Cartoon illustrating the change in minimal lag due to actuation.

ary layer, as opposed to the unactuated case where the Ru = 0
occurred at the outer edge of the boundary layer. This shift
suggests that the large, wake oscillations tend to penetrate the
boundary layer itself due to the actuation.

Figure 7(b) shows the phase-averaged, relative spatial lag
∆x′ for the actuated wake, where the minimal spatial lag is
marked (dotted line), for comparison with the minimal spatial
lag for the unactuated wake (solid line). The change to the
shear layer results in a shift in the phase location where the
minimal spatial lag occurs (for fixed y), indicating that steady
modification of the flow field is a potential tool for adjusting
the receptivity of periodic flows to phase-targeted actuation.
Figure 7(c) illustrates schematically how the steady wake ac-
tuation can shift the relative spatial lag between scales over the
course of an oscillatory cycle.

CONCLUSIONS
The shedding of large-scale vortices in a cylinder wake

provided a natural, periodic, free-stream forcing to a bound-
ary layer that was shown to significantly reorganize the scale
interactions between large- and small-scale motions. We uti-
lized spatial filtering to separate the scales while preserving
the time-dependence of the scale interactions. By calculating
the phase-averaged cross-correlation between the large- and
small-scale signals over the dominant period of wake vortex
shedding, we identified a phase-modulation component to the
scale interactions. The phase modulation means that the en-
velope of small-scale motions is spatially closer to the corre-
sponding large scales during specific phases of the oscillation
cycle, and these minimal spatial lag occurrences may be use-
ful for designing future control schemes. Finally, we utilized
steady surface actuation on the cylinder to modify the shear
layers in the wake and thereby influence the phase-modulation
behavior.
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