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ABSTRACT

Having both a footprint in the near-wall region, and a
modulating effect on the energetic small-scale fluctuations
in the near-wall region, large scale fluctuations in the log
layer play an important role in a turbulent boundary layer.
Our objective is to target the large-scale structures with the
intention of indirectly influencing the small-scale structures
near the wall. By forcing the large-scales, and, more gen-
erally, the turbulent boundary layer, we hope to understand
how we can manipulate the turbulence. In this work we use
spanwise-oriented rectangular synthetic jets to provide the
forcing and are able to show that we can reduce the ampli-
tude of the large wavelength fluctuations from the wall up
to the height of the synthetic jet penetration. Furthermore,
we show that the correlation of the velocity fluctuations in
the boundary layer with the wall shear stress fluctuations is
reduced for the large wavelengths in the log-region of the
boundary layer.

INTRODUCTION

The friction Reynolds number—defined as Re; =
Sur/v, where 6 is the boundary layer thickness, u; is the
friction velocity, and Vv is the kinematic viscosity—is typ-
ically used to characterize turbulent boundary layer flow.
At low Rer, the turbulent boundary layer is dominated by
small scales close to the wall where there is believed to be a
cycle that governs the turbulence generation. This process
is reported to involve the quasi-streamwise legs of hairpin
vortices which generate high- and low-speed streamwise ve-
locity streaks through advection, and which subsequently
generate new hairpin vortices through an instability (Wal-
effe, 1997; Jiménez & Pinelli, 1999; Schoppa & Hussain,
2002). In addition to this near-wall process involving small
scales, which follow inner scaling, the larger scales in the
log-region, which follow outer scaling, also have an influ-
ence. First, the energy near the wall includes a contribution
from large wavelengths. These large scale structures are
coherent with the energetic large scale structures in the log-
region, and so are said to be the ‘footprint’ of the large scale

log-region structures on the near-wall region (del Alamo &
Jiménez, 2003; Hutchins & Marusic, 2007a). As Re is in-
creased, the energy associated with the large scales in the
near-wall region increases, while the energy of the small-
scale motions at the same wall-normal location remains es-
sentially constant (Hoyas & Jiménez, 2006; Marusic et al.,
2010). Furthermore, an increasingly larger proportion of
the turbulence kinetic energy is concentrated in the log-
region of the boundary layer and at larger scales (Hutchins
& Marusic, 2007a; Marusic et al., 2010). This is impor-
tant since, for applications of engineering interest, the Re
is typically much higher than can be measured in lab-based
wind tunnels.

Additionally, there is also a modulating effect of these
large scales on the small scales in the near-wall region, as
noted by Hutchins & Marusic (2007b) and Mathis et al.
(2009). In the near-wall region both a frequency and an
amplitude modulation effect is seen whereby the presence
of large-scale low-speed streaks results in lower amplitude,
lower frequency small-scale motions, with the reverse be-
ing true for large-scale high-speed streaks (Ganapathisub-
ramani et al., 2012). Thus, the large scales do not just add
a large wavelength contribution to the near-wall energy, but
also actively influence the energetic near-wall small scales.
It is thus clear that the large scale fluctuations, which are
most active in the log region of the boundary layer, play an
important role in the near-wall turbulence.

In what will be shown below, we use synthetic jet ac-
tuators with rectangular orifices whose spanwise dimension
is matched to the reported spanwise extent of large-scale
structures in the log-region. Synthetic jet actuators consist
of a vibrating diaphragm, cavity, and orifice. The oscilla-
tory motion of the diaphragm causes alternating blowing
and suction of the working fluid, the turbulent boundary
layer in this case, through the orifice. Since they can gener-
ate momentum without net mass flux, synthetic jet actuators
are also referred to as zero net mass flux actuators.

The emergent structure of a synthetic jet formed in a
crossflow is highly dependent on its frequency, f, and am-
plitude (jet velocity, #;). These can be nondimensionalized
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Figure 1. Schematic of the experimental setup. Insert
shows an enlarged view of the region near the synthetic jet
actuator.

in outer units, giving the Strouhal number, St, and the blow-
ing ratio, r. These parameters can also be combined to form
a nondimensional stroke length L/8, which describes the
length of the column of fluid over the expulsion stroke:
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The jet velocity, here, is the phase-averaged expulsion ve-
locity averaged over the entire jet cycle:
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where ii;(¢) is the phase-averaged jet velocity, and ¢ is the
phase. This equation assumes that the blowing half of the
cycleis from 0 < ¢ < 7.

The vortical structures of pulsed jets and synthetic jets
for different r and St issuing from circular orifices into a
laminar boundary layer have been studied by Sau & Ma-
hesh (2008) and Jabbal & Zhong (2008), respectively. For
example, Sau & Mahesh (2008) found that for low r, and
irrespective of L/§ the resultant vortical structure is a hair-
pin vortex. At higher r, the jet is able to penetrate further
into the boundary layer and takes on two different struc-
tures; at low L/8 it forms an isolated vortex ring inclined
in the crossflow, and at higher L/ 6 it forms a declined vor-
tex ring with a trailing jet column. It is expected that these
different vortical structures will have distinct effects on a
turbulent boundary layer. In addition, rectangular orifices
add extra complexity as the rollup of the sheet of vortic-
ity from the jet results in two vortex pairs whose relative
strength depends on the aspect ratio of the orifice, as noted
by Van Buren et al. (2014).

EXPERIMENTAL SETUP

A schematic of the experimental setup is shown in
Figure 1. All experiments were conducted in the closed
loop wind tunnel in the Flow Control and Experimental
Turbulence lab at the University of Toronto Institute for
Aerospace Studies. The test section of this wind tunnel con-
sists of two removable sections, each 2.5 m in length with
a cross-section measuring 0.8 m x 1.2 m (height x width).
Three aluminum plates, each spanning the width of the test
section and together spanning the length of the test section,

Table 1. Selected nominal properties of the unforced zero
pressure gradient turbulent boundary layer flow at the mea-
surement location.
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43mm 72mm 52mm 94 m/s 0.37 m/s

were installed high enough (between 1/3 and 1/4 of the test
section height) to prevent effects from the boundary layer
that develops on the wind tunnel floor. An asymmetrical
leading edge, designed by Hanson et al. (2012), is included
to reduce the adverse pressure gradient at the leading edge.
Just downstream of the leading edge is a double-layer of
zig-zag tape which is used to trip the flow to turbulence.
Furthermore, a hinged flap is located at the trailing edge
to control the location of the stagnation line. A zero pres-
sure gradient was established by adjusting the corner fillets
on the test sections, and the angle of attack of the plate.
The properties of the baseline turbulent boundary layer at
the measurement location are given in Table 1. Along with
v =1.58 x 10~> m?/s, the combination of the parameters in
this table result in H = 1.38, Reg = 3100, and Re; = 1000.

Located just downstream of the midpoint of the test
section, and centered midspan, is a removable synthetic
jet actuator plate mounted flush with the boundary layer
plate. The synthetic jet actuator consists of a vibrating di-
aphragm, in the form of a Visaton SC 8N loudspeaker, os-
cillating against a disk-shaped cavity, which alternately in-
gests and expels fluid through a rectangular-shaped orifice.
The spanwise dimension of the orifice is chosen to match
the spanwise dimension of the large-scale streaky structures
in the log-region of the turbulent boundary layer in Table 1.
These are documented to be about 0.25-0.458, where 0 is
the boundary layer thickness (Ganapathisubramani et al.,
2005). The streamwise dimension of the jet orifice is 1 mm,
and the spanwise dimension is 13 mm, which corresponds
to roughly 0.3 for the turbulent boundary layer described
in Table 1. The sinusoidal input voltage was created using a
Rigol DG1022 function generator and subsequently ampli-
fied by a Crown XTi 1002 audio amplifier before being sent
to the loudspeaker.

Measurements of streamwise velocity fluctuations
were made with a hot-wire attached to a wall-normal
Velmex X-slide traverse suspended vertically from the ceil-
ing of the test section. The hot-wire itself was fabricated
from 2.5 pum tungsten wire. This wire was coated with
copper except for a small active region having [T =~ 14
and [/d ~ 225. The hot-wire was operated with a Dantec
StreamLine constant temperature anemometer at an over-
heat ratio of 1.8.

The measurements of wall shear stress were made with
the IC% CS-D100 capacitive shear stress sensor and asso-
ciated sensor control unit described in Mills et al. (2018).
For all of the measurements discussed below, the hot-wire
was positioned directly above the shear stress sensor and al-
lowed to traverse throughout the boundary layer to measure
correlations between streamwise velocity fluctuations and
wall-shear stress fluctuations. Both of these sensors were
situated at a distance of approximately 26 downstream of
the centerline of the orifice. All measurements were sam-
pled at a rate of 25 kHz and low-pass filtered at about 10
kHz.
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RESULTS

The following results show a number of plots which
make use of the power spectral density. The general one-
sided cross power spectral density (CPSD), ¢,,, for fluctu-
ating quantities # and v is defined as:
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where % [u(y,t)] is the Fourier transform of a discrete time
series u(y,t) at wall-normal position y, and f; is the sam-
pling frequency of both # and v. The CPSD is complex
unless # = v, in which case all values are real (and the re-
sulting spectrum is the auto power spectral density or sim-
ply the power spectral density). Furthermore, the CPSD has
the following property:

/:Real{%v(y,f)}df:W )

where barred quantities represent a time-average. To ensure
that equal area under the curve contributes equally to the
RMS quantities when viewed on a logarithmic frequency
scale, the CPSD is premultiplied by the frequency since:

/0 " fReal {9 (v, )} d[n(f)] = et () (5)

Finally, by applying Taylor’s hypothesis, we can convert the
frequency, f, to streamwise wavelength, A, through A, =
uc/ f, where u, is the convection velocity. We use u, =u(y).
We can thus rewrite Equation 5 as:

/0 " keReal { 0w (v, ko) Vd[In(k)] = 2000 00) (6)

where ky = 2m/A, is the streamwise wavenumber, and
Oy (3, k) = Oy (v, /)u(y) /27 is the CPSD converted to the
streamwise wavenumber domain from the frequency do-
main using Taylor’s hypothesis.

Some of the results are shown as a difference in the
CPSD with and without synthetic jet forcing: A¢,, =

¢uv, controlled — ¢’uv, uncontrolled-

Heat Transfer Effect

When the hot-wire is positioned very close to the wall,
and hence the wall shear stress sensor, there can be signifi-
cant heat transfer from the hot-wire to the wall shear stress
sensor. This heat transfer seems to cause the wall shear
stress sensor to fluctuate more strongly, as can be seen in the
pre-multiplied power spectral density (PSD) of wall shear
stress fluctuations, f@y 1, as a function of hot-wire wall-
normal distance in Figure 2. When the hot-wire is close to
the wall there is a positive shift in the power spectral den-
sity for all frequencies. Two vertical lines are included to
indicate boundaries of regions where there is a difference
in the 7/, PSD. When the hot-wire is at wall-normal loca-
tions below the solid black line, there is a strong impact of
the hot-wire on the 7/, PSD. Measurements made of 1), in
this location are not trustworthy. Between the solid black
line and the dashed black line, there is only a mild effect
from the hot-wire heat transfer. Care must be taken when

10° 102 10°

Figure 2. Pre-multiplied power spectral density of wall
shear stress fluctuations as a function of wall-normal dis-
tance.

interpreting the results when the hot-wire is at these wall-
normal locations. Above the dashed black line there does
not appear to be any effect of the hot-wire on the wall-shear
stress signal. These two vertical lines will be included on
all subsequent plots involving simulataneous measurements
of u’ and 7/,

Effect of synthetic jet forcing

A total of four synthetic jet cases will be explored. This
includes three cases used to compare the effect of the forc-
ing at different r; r = {0.45,0.88,1.3} at St = 2.3. One
further case is used to compare the effect of Sz, namely
St =0.045, r = 0.5, on the turbulent boundary layer!.

We look first at the effect of synthetic jet forcing on
the fluctuating streamwise velocity, u’, across both stream-
wise wavelength and throughout the height of the boundary
layer. For each synthetic jet case, the power spectral density
(PSD) is measured with the jet both on and off at all loca-
tions in the boundary layer, and the difference computed.
Figure 3 shows the comparison across r, and Figure 4 is
used in conjunction with Figure 3a to compare across St.

Looking first at the effect as a function of r in Fig-
ure 3, we see that for all cases there is a decrease in the
contribution to #’ from the largest wavelength scales in the
flow. This effect stretches from the wall into at least the log-
region for the cases tested. At higher y there is a broadband
increase in u’ that occurs for all scales in the flow, with the
strongest increase occurring close to the wavelength associ-
ated with the frequency of the synthetic jets, shown as the
solid black line. The y location where this broadband in-
crease in #’ occurs is believed to be the height at which the
spanwise vortex from the synthetic jet crosses our measure-
ment plane at x = 28 downstream of the orifice centerline,
since it increases with increasing r as expected, and is as-
sociated with a decrease in #(y) (not shown). It is unclear
whether the increase in broadband #' is the result of a tur-
bulent jet, or the breakdown of larger scale structures into
smaller ones. The larger changes seen in the higher r cases
are believed to be the result of higher shear associated with
a faster jet issuing into a boundary layer. Finally, at higher

I The difference between r = 0.45 and r = 0.5 is expected to be
minimal
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Figure 3. Difference in pre-multiplied power spectral den-
sity of u/ (kyA@yy/ u%) with and without synthetic jet forc-
ing as a function of wall-normal distance for three blowing
ratio cases, r =0.45, 0.88 and 1.3 at St = 2.3. The grey con-
tour levels are in increments of ky@y,/ uncont/ u% =0.3, and
the solid line is the frequency of the jet.

r, there is an increase in #’ near the synthetic jet frequency
across the boudary layer, including the location of the near-
wall cycle (y© = 15). This is not seen for the r = 0.45 case,
as the only increase is seen close to the y location where the
synthetic jet crosses the measurement plane.

Similarly, across St there is a decrease in the contribu-
tion to ' from the largest scales, as seen in Figures 3a and 4.
For the St = 0.045 case, the wavelength implied by the fre-
quency of the synthetic jets is very similar to the large scales
and there is actually a very large increase in the contribution
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Figure 4. Difference in pre-multiplied power spectral den-
sity of u’ (kyA@y/ u%) with and without synthetic jet forc-
ing as a function of wall-normal distance at St = 0.045
and r = 0.5. The grey contour levels are in increments of
kx®u, uncont/ u% = (.3, and the solid line is the frequency
of the jet.

to u’ at wavelengths close to this wavelength, and associated
harmonics, from about the buffer layer up to the intersec-
tion point of the jet with our measurement plane. At this
intersection point there is an increase in u’ across all wave-
lengths, something present for all cases shown with differ-
ent r. Interestingly, the largest increase in ' is at the small-
est scales for the St = 0.045, similar to all cases at St = 2.3,
indicating that it is not related to the frequency of the jets,
which might be assumed by looking at Figure 3 alone. The
increase in i’ at the wavelength implied by the synthetic jet
frequency for the St = 0.045 case in Figure 4 indicates that
the frequency of the jet is low enough for a periodic vorti-
cal structure that is still coherent when it reaches x = 26.
Conversely, the lack of #’ contribution at the synthetic jet
frequency for the cases in Figure 3 indicates a jet that no
longer has periodic structure, either because the individual
vortices have broken down, or because they have merged to
form a larger structure. Figures 3 and 4 appear very sim-
ilar to that shown by Abbassi et al. (2017), which was for
a pulsed jet issuing from a streamwise-oriented rectangu-
lar orifice targeting the upwash and downwash regions of
large-scale streaks in the log-region. In particular, they also
notice a decrease in the large wavelength contribution to #’.
In addition, Chin et al. (2017) show a similar decrease in
the large-scale contribution to u’ from large eddy simula-
tions of a turbulent boundary layer exposed to a large eddy
breakup device. However, in their results, they also see a
sizeable increase in #’ fluctuations at a range of scales just
smaller than those where they see a decrease, indicating a
breakdown of large eddies into smaller eddies.

In addition to the premultiplied spectra of «, in Fig-
ure 5 we show the premultiplied spectra of 7, for all cases
shown in Figures 3 and 4 and with the spectrum of the un-
forced baseline case. We plot the spectra simply as a func-
tion of frequency to avoid selecting a potentially suspect
convection velocity for 7,, to use with Taylor’s hypothesis.
We observe that for all forced cases, there is a decrease in
the spectra at the lower frequencies, corresponding to large
wavelength fluctuations. For all but the St = 2.3, r = 0.88
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Figure 5. Pre-multiplied power spectral density of 7, for
the forcing conditions listed in the legend.

case there is an increase in the spectra at higher frequencies,
potentially indicating a transfer of energy from the larger to
smaller scales with forcing. In general, the trend in Figure 5
matches the trend seen at the nearest wall-normal station of
Figures 3 and 4. Comparing across r, we see that the spec-
tra decrease with increasing r from r = 0.45 to r = 0.88
before decreasing from r = 0.88 to r = 1.3 for all frequen-
cies. Comparing St = 2.3 with St =0.045 at r = 0.5, we see
that the spectrum is lower for all frequencies at St = 2.3.
The large peaks present in the spectra are associated with
the forcing frequency of the jet. The peaks are particularly
large because both the actuator and shear stress sensor are
mounted directly to the wall, meaning that vibrations in-
duced by the actuator in the boundary layer plate are easily
transferred to the sensor.

Simultaneous measurements of the streamwise veloc-
ity fluctuations in the boundary layer and the wall shear
stress allow us to see how the impact of the jets on the
boundary layer affects the correlation between the boundary
layer and the wall. To show this, we compute the magnitude
squared coherence:

72 _ |¢u’r;,|2 )
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The difference with and without synthetic jet forcing is
shown in Figure 6, as a function of hot-wire wall normal
distance and for the three blowing ratios shown in Figure 3.
Additionally, contours of the baseline magnitude squared
coherence are indicated in grey. These figures show that
there is a decrease in the correlation for each r. In Fig-
ure 6a, there is a decrease across all coherent scales at the
top of the log-region. This is the location identified in Fig-
ure 3a where the jet crosses our measurement plane. An
increased correlation is also observed closer to the wall and
at smaller wavelengths (albeit still large wavelengths rel-
ative to the lowest wavelengths in the flow). As r is in-
creased, there is an increased reduction of the correlation
of the large-scales. For » = 0.88 in Figure 3b, this appears
to still be confined to the smallest coherent scales, but for
r = 1.3 in Figure 3c, the correlation has been substantially
reduced for all scales and wall-normal locations in the log-
region and above. There may be a continued decrease in
the correlation closer to the wall, but we do not observe it
here, as the heat transfer from the hot-wire to the wall may
be masking it.

Figure 6. Difference in magnitude squared coherence of
' and 7}, with and without synthetic jet forcing as a func-
tion of wall-normal distance for three blowing ratio cases,
r =0.45, 0.88 and 1.3 at St = 2.3. The grey contour levels
are the uncontrolled magnitude squared coherence in incre-
ments of 0.14, and the solid line is the frequency of the jet.

To compare across St, Ay> is shown in Figure 7 for
St = 0.045 and r = 0.5. The effect here is much stronger
than was observed for St = 2.3 at a similar r in Figure 6a.
Like Figure 6¢ at higher r, there is a decrease in the corre-
lation for all scales that were originally correlated, and this
extends throughout the log-region. Furthermore, the largest
decrease in coherence is associated with the wavelengths
near that implied by the synthetic jet frequency.
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Figure 7. Difference in magnitude squared coherence of
' and T}, with and without synthetic jet forcing as a func-
tion of wall-normal distance at St = 0.045 and r = 0.5. The
grey contour levels are the magnitude squared coherence in
increments of 0.14, and the solid line is the frequency of the
jet.

CONCLUSION

The preceding has shown that synthetic jets, irrespec-
tive of their frequency and amplitude (at least within the
bounds of our measurements), cause a reduction in the
strength of large wavelength fluctuations. This reduction
of large-scale fluctuations agrees with previous work done
by other researchers targeting the log-region of a turbulent
boundary layer. In addition, we have also observed a reduc-
tion in correlation between the fluctuations in the bound-
ary layer and those at the wall for large wavelengths. This
indicates that synthetic jets are able to weaken large-scale
structures that extend down to the wall or at least the effect
that they have on the wall. This is important because it has
been shown previously that the larger scales are more domi-
nant at the higher Re corresponding to most applications of
engineering interest. Furthermore, the modulating effect of
the large scales on the small scales suggests that the large
scales in the log layer affect the small scales in the inner
layer and hence the near-wall cycle.

These results show that is possible to interact with and
weaken the large scales in the flow with synthetic jets, but it
is not yet clear exactly how this effect is manifested and how
the modulation of the small scales is impacted. Future work
will look into the mechanism(s) whereby the large-scale
correlation of the boundary layer with the wall is weakened
under synthetic jet forcing. We will investigate synthetic
jets with varied vortical structures issuing into a turbulent
boundary layer to understand their distinct effects.
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