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Abstract

The manipulated flow along a one-sided diffuser is investigated experimentally by means of particle image velocimetry and
wall pressure measurements. Two fluidic actuators are considered: a fluidic diverter emitting two alternately pulsed jets
and a fluidic oscillator generating one spatially oscillating jet. Active separation control is performed with these devices to
suppress the pressure-induced separation bubble present in the uncontrolled flow field. The method of proper orthogonal
decomposition is employed to identify inherent physical mechanisms subject to varied jet emission angles as well as actua-
tion intensities and construct a reduced order model by utilizing modal coefficients to obtain phase information regarding
the periodic actuation process. As a main result, we show that longitudinal vortex structures determining the separation
control capability, are more distinct for the fluidic oscillator. Furthermore, the flow fields manipulated by both actuators at a
low momentum input are dominated by a spatial mode resembling the base flow. However, this feature is suppressed by the
fluidic diverter at greater velocity ratios, whereas the variation of actuation intensity does not yield significant alterations to
the spatial modes observed for the fluidic oscillator.

Keywords Active flow control - Fluidic actuators - Proper orthogonal decomposition - Pressure induced flow separation

1 Introduction

Fluidic actuators are well established within the Active Flow
Control community. They are deployed to generate unsteady
jets based on their internal geometries, boasting advantages
that come in the form of an absence of moving parts and
electrical supply system when compared to conventional
devices, such as solenoid valves. This makes them robust,
reliable and relatively easy to fabricate in comparison.
Their field of application includes film cooling [8], mixing
enhancement [6] and active separation control (ASC) [15]
with the latter being the focus of this article.
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The one-sided diffuser, along with the backward facing
ramp, represents a generic flow configuration relevant to
various applications in public transportation, such as wings,
road vehicle backlights and combustion chambers of air-
craft engines. Consequently, it is object of various investi-
gations with the characteristic fluid mechanical phenomena
of boundary layer separation and reattachment addressed
for example in [18]. To suppress the pressure-induced sepa-
ration bubble present at specific diffuser angles, ASC by
means of steady or unsteady jets can be applied, where gen-
erally three operating parameters need to be chosen:

— the ratio of jet and free stream velocity r = u, /U, cor-
responding to the momentum input,

— the jet emission angle @, enclosed by the direction of the
jet and the wall and

— the reduced forcing frequency F* = (fL)/ U, associated
with the frequency of the unsteady jet f (if applicable)
and the control length L.

@ Springer


http://orcid.org/0000-0002-6857-5359
http://crossmark.crossref.org/dialog/?doi=10.1007/s13272-018-0336-x&domain=pdf

634

B. Steinfurth et al.

While steady blowing is successfully applied to control the
flow along a backward facing ramp in [1, 11] (amongst oth-
ers), pulsed blowing is deemed to be both more effective and
more efficient [4].

Out of the stated operating parameters that need to be
chosen for separation control experiments, the forcing fre-
quency characterizing the periodic process, appears to be
the least sensitive for relatively small actuation intensities
applied on a diffuser flow, as its variation may only yield
slight deviations of the actuation effectivity [10]. Further-
more, often times, there is no rigorous verification as to
whether an improved performance is down to flow receptiv-
ity or actuator characteristics when the frequency is varied.

Setting the velocity ratio, on the other hand, can be more
challenging as a sufficient momentum input needs to be
ensured while an excessive energy consumption has to be
avoided [10]. A cylindrical model exhibiting an axisymmet-
ric afterbody with a backward facing ramp, is investigated in
[19]. It is shown that the emission of compressed air through
slots located slightly downstream of the separation point
yields a complete suppression of the recirculation bubble
at a velocity ratio of » = 1.55 for the studied scenario. This
is attributed to an effective manipulation of the shear layer.

Besides the velocity ratio, the jet introduction angle is
crucial in terms of effective ASC. Generally, a steep jet
emission may be employed to generate large-scale vortex
structures due to an interaction with the crossflow, shift-
ing high-momentum fluid toward the wall. In comparison,
a small emission angle aims at a direct energization of the
boundary layer. Thus, the aerodynamic performance can be
improved utilizing various ASC devices [12]. Representing
a preliminary study of the present article, an experimental
investigation of pulsed jets emitted through slots is docu-
mented for different emission angles in [7]. It is shown that
for emission angles of ¢ = [30°, 60°], the jet is immediately
attached to the wall, not producing as large vortex structures
as for ¢ = 90°. An experimental parametric study regarding
ASC on a one-sided diffuser via active vortex generators is
presented in [3]. It is found that a jet introduction against
the free stream direction becomes ever more efficient with
increasing velocity ratios while blowing downstream is opti-
mal for velocity ratios of 1.5 < r < 2.5.

Evidently, ASC regarding the flow along a one-sided
diffuser is generally feasible. However, no clear strategy
is presented when the actuation parameters are concerned.
This is ascribed to an incomplete knowledge of physi-
cal events caused by varying operating conditions of the
deployed devices. This article contributes to improve the
understanding of flows manipulated by fluidic actuators.
The objective is the assessment of mechanisms associated
with fluidic oscillators (FOs) and fluidic diverters (FDs),
employed with equal actuation intensities and jet emission
angles. For this purpose, the three-component velocity field
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in multiple cross-sections as well as the wall pressure dis-
tributions induced by the investigated fluidic actuators are
studied. Furthermore, proper orthogonal decomposition
(POD) is deployed to reveal dominant flow structures that
enable conclusions regarding the flow control authority of
the fluidic devices.

2 Methods

In this chapter, the experimental setup and procedure are
introduced. Then, basic background knowledge regarding
the method of POD is imparted.

2.1 Experimental setup

The experiments were conducted in a subsonic closed-
loop wind tunnel with a maximum turbulence intensity of
Tu =~ 0.8 % inside the cross-section at the diffuser opening.
To establish a turbulent boundary layer on the test section
floor, roughness elements were placed at the entrance of
the test section and the free stream Reynolds number was
set to Re., = 550,000 based on the ramp control length
L =~ 0.35m. The boundary layer shape factor was of the
order of H = 1.36, which indicates a turbulent state. The
adjustable diffuser opening angle was set to @ = 21°, ensur-
ing pressure-induced flow separation at x/L ~ 0.2 with the
actuator outlet located slightly upstream at x/L ~ 0.12. The
test section is depicted schematically in Fig. 1.

The internal geometries of the fluidic actuators that were
investigated independently, are shown in Fig. 2.

In the case of the FD, two alternately pulsed jets were
emitted through slots with an aspect ratio of d/b = 31.5,
where d is the length and b the width of the slots. This was
achieved by periodically deflecting compressed air coming

Stereo-PIV
U. measurement
) planes
> (cross-sections)

h, = 0.52m

a=21°

actuator orifice

Fig. 1 Experimental setup inside test section
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fluidic diverter (FD)

<z

outlet slots

fluidic oscillator (FO)

mixing chamber

inlet

control ports feedback paths  outlet

Fig. 2 Internal geometries of fluidic actuators studied

from the plenum with the help of significantly smaller con-
trol mass flows. While self-oscillating FDs have been suc-
cessfully applied in the field of ASC [2], a solenoid valve
controlled by a signal generator was utilized to feed the con-
trol ports alternately with a constant actuation frequency
within the frame of the present study.

On the contrary, the FO generated a spatially oscillating
jet emitted from an orifice with a much smaller aspect ratio
of d/b ~ 0.6 and a sweeping angle of 9 ~ 85° that is spanned
by the end positions of the oscillation motion.

The function principle of the device is based on the jet
introduced into the internal mixing chamber attaching on
one side due to the Coanda effect. A portion of the fluid then
is redirected through the respective feedback path and inter-
acts with the air at the inlet of the mixing chamber, deflect-
ing it toward the other side before the cycle repeats. For
extensive reviews of FO design and application, the reader
is referred to [5, 16].

Exemplary time signals of the normalized total pressure
D,/P.mp(®) at the center of both actuator outlets are shown in
Fig. 3. Note that the studied FO device generates a naturally
oscillating jet with an inconstant amplitude, although at a
frequency much greater than achieved by the investigated
FD.

The unequal frequencies investigated for the two devices
in this study reflect typical ASC applications where sweep-
ing frequencies for FOs are usually greater than pulse fre-
quencies for pulsed-jet actuators of a similar size. Also, it

FD (f = 56 Hz) FO (f= 770 Hz)
1.06
= 1.04
£
g
S 102
1018 36 54 72 900 1 2 3 4 5 6
t [ms] t [ms]

Fig.3 Normalized total pressure (time signal) at respective center of
actuator outlets, devices supplied with same mass flow rate; left: FD,
right: FO

should be noted that the frequency is associated with dif-
ferent vortex formations mechanisms for both actuators.
Therefore, keeping this specific parameter constant would
not necessarily result in equal excitation conditions. The
reduced frequency associated with the pulsed jets emitted
by the studied FD device is of the order of F* = 0.8, which
lies within the range of effective forcing frequencies stated
in [4]. The sweeping frequency of the FO yields reduced
frequencies of F* ~ [5.4,10.9], which correspond to the
studied velocity ratios.

The remaining parameter space is spanned by three jet
introduction angles relative to the ramp surface downstream
of the outlet (¢ = [30°,60°, 111°]) and two different velocity
ratios (r = [1.6, 3.3]). The jet velocities both for the FD and
for the FO device were estimated based on the mean mass
flow rate assuming incrompressibility. Since the outlet areas
of the two actuator devices were of the same size, equal
velocity ratios were associated by equal actuation intensities,
i.e., momentum coefficients.

Information regarding the velocity fields was gathered
in cross-sections located at x/L = [0.15,0.3,0.5]. A dual
pulsed laser with an energy set to E = 75 mJ per pulse was
employed to illuminate DEHS particles of d =1... 3 pm
diameter. The pulse delay of the order of A7,y = 8... 10 ps
was set to ensure distinct correlation peaks while avoiding
out-of-plane motion of seeding particles. Two pco.edge
CMOS cameras boasting a resolution of [2560 X 2160] px?,
were arranged in stereoscopic configuration (2D-3C). The
spatial resolution of the measured velocity data is stated in
Table 1. To tackle the effect of laser light reflection off the
diffuser surface and obtain velocity data close to the wall, a
foil was applied to the surface, emitting light of a wavelength
that could be filtered. Thus, the influence of reflections was
minimized and successful image correlation performed up
to the wall distance noted in Table 1.

For each configuration, 2000 double images were
recorded per camera with a constant frequency of f = 5 Hz.
Multiple FFT correlation as well as interrogation grid refine-
ment were employed to evaluate the raw data before apply-
ing sophisticated outlier detection schemes. The proportion
of valid data was consistently above 94 % with implausible
data replaced by lower order peaks and interpolated vectors
respectively.

Table 1 Properties of acquired velocity data fields at different stream-
wise positions

Position Spatial resolution Wall distance
x/L[-] Ay = Az [mm] h, [mm]

0.15 0.56 0.84

0.3 0.75 1.38

0.5 0.94 3.20
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The wall pressure distribution on a section of the one-sided
diffuser was obtained through 24 pressure taps displayed in
Fig. 4. Differential pressure sensors with a maximum error
of lerr,| = 3.75 Pa were utilized and sampled with a rate of
f = 250 Hz during the respective PIV measurement interval
At = 400s.

Note that only time-averaged pressure distributions are dis-
cussed as no spectral analysis is conducted in this study. With
regards to pressure distributions, symmetry was assumed so
that pressure coefficients

o0
are mirrored around the symmetry plane (/L = 0). The
symmetrical generation of the actuator jets was validated in
a preliminary study.

2.2 Background on proper orthogonal
decomposition

When investigating turbulent flows, one is generally con-
fronted with a superposition of multiple dynamical events. The
method of POD, as introduced in [13, 17], provides a tool for
decomposing flow configurations into energetically dominant
spatial and temporal features. This is achieved by determining
an optimal base to represent a given data set based on the L,
norm. In the present scenario, snapshot POD was employed
on the basis of velocity fields at different time instances, which
were decomposed into a mean and a fluctuating component

U, t) =ax) +u'(x,1). )
The fluctuating part was approximated by the sum of prod-
ucts of spatial modes @; and related temporal mode coef-
ficients a;:

N
W (x,0) =) Dx)a(r) +ul, (x.1) 3)
i=1

with N snapshots provided by PIV measurements. To find
these spatial modes and mode coefficients subject to a mini-
mized residual u]’r MEA t), the symmetric, positive semi-def-
inite correlation matrix was computed using the L, inner

product:

gL = 0.07 gL = 0.37 gL = 0.60
n Y n/L = 0.06
E I
b L=0
outlet FD outlet FO  pressure tap

Fig.4 Actuator outlets and grid of pressure taps; for orientation of
&, 1, ¢ coordinate system, refer to Fig. 1
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=3 <u'(x, t),u'(x, t)) .

“
Then, the mode coefficients a; as well as the eigenvalues 4;
were found by solving the eigenvalue problem

Ra; = Aa;. 5)
The real, non-negative eigenvalues, representing twice
the amount of turbulent kinetic energy contained in each
mode, were sorted by magnitude and the spatial modes then

obtained by projecting the snapshots onto the mode coef-
ficients, i. e., the eigenvectors:

1 '
D;(x) = N—Aiai(tj)u (x,1). (6)
By construction, these modes are orthonormal and based on
the amount of energy contained.

3 Results and discussion

The following section presents the main results of the con-
ducted investigations. While doing so, the time-averaged
velocity fields and wall pressure distributions induced by
the fluidic devices are touched upon. Subsequently, the com-
puted spatial POD modes are discussed and the influence of
a velocity ratio variation is evaluated. Finally, the dynamical
behavior of the manipulated flow fields is reconstructed by
means of the obtained temporal POD coefficients, allowing
for a brief analysis of the development of induced vortex
structures.

3.1 Time-averaged velocity fields

In the following section, the manipulated velocity distribu-
tion inside the mentioned transverse measurement planes is
assessed. Focusing on results for varied actuator emission
angles at a velocity ratio of » = 3.3. Note that the outlined
flow phenomena are similarly present at lower velocity
ratios, albeit to a lesser extent.

The uncontrolled base flow inside the three cross-sections
is depicted in Fig. 5. A shear layer homogenous in y-direc-
tion can be identified at x/L = 0.15. Further downstream
at x/L =0.3 and x/L = 0.5, a slight asymmetry develops
with the time-averaged separation bubble visible at y/L < 0
inside the central transverse plane. In preliminary investi-
gations, the mean separation point was determined to be
located at x/L ~ 0.2.

The influence of two alternately pulsed jets emitted by
the FD device is depicted in Fig. 6. It can be noted that the
velocity deficit is generally reduced through actuation. This
is especially true for emission angles ¢ = [30°,60°], where a
distinct downwash is induced at x/L = 0.15. On the contrary,
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base flow

Fig.5 Distribution of normalized velocity inside transverse measure-
ment planes for base flow scenario

FD (¢ = 111°)

Fig.6 Influence of varied emission angle of FD on normalized time-
averaged streamwise velocity component (contour) and transverse
components (vectors) in three cross-sections at velocity ratio » = 3.3

the steeper jet introduction yields two distinct wakes, exhib-
iting streamwise vortices and recirculation. This behavior
is attributed to the direction of momentum input, which is
locally against the flow direction, damming the oncoming

fluid and generating a wake flow similar to solid bodies. The
ensuing velocity deficit is still present further downstream,
although damped due to viscosity.

Figure 7 illustrates the effect of a sweeping jet generated
by the studied FO on the one-sided diffuser flow. Similar
to the investigated FD, the velocity magnitude is increased
in the case of all emission angles. There is no recirculation
area found in any of the evaluated cross-sections. Likewise,
the actuation at jet introduction angles of ¢ = [30°, 60°],
representing a momentum increase through direct injec-
tion, yields significant velocity gains in the center of the
measurement planes at x/L = 0.15. However, as opposed
to the downwash seen in Fig. 6 for the FD at ¢ = 60°, an
outward rotating vortex pair is found for the FO, produc-
ing a slight deficit in i/ U, further downstream. Actuation
with the steepest emission angle ¢ = 111° produces a similar
counter-rotating vortex pair but a distinct velocity deficit is
found already at x/L = 0.15. The general effect leading to
the wake flow character is the same as for the FD outlined

FO (¢ = 30°)

FO (¢ = 60°)

FO (¢ = 111°)

Fig.7 The same as Fig. 6 but related to actuation with FO device
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above. However, a steeper jet trajectory can be noted, which
is ascribed to the greater outlet width of the FO, and thus
delayed dissipation of the sweeping jet. Furthermore, no
recirculation is found at x/L = 0.15.

3.2 Time-averaged wall pressure distribution

In this section, the ensuing wall pressure distributions,
corresponding to the velocity fields discussed above, are
presented.

Figure 8 shows the distribution associated to the base
flow. The positions furthest upstream exhibit pressure coef-
ficients of ¢, < 0, which can be attributed to a flow deflec-
tion and acceleration at the diffuser opening. Further down-
stream, the pressure coefficient increases slightly. However,
a large coherent region of constant pressure is present,
spanning from £/L ~ 0.16 to £/L ~ 0.54. This represents a
strong indicator of flow separation and partly corresponds
with the results related to the conducted velocity measure-
ments, see Fig. 5.

The wall pressure distribution subject to actuation by an
FD device at the studied jet emission angles and a constant
velocity ratio of » = 3.3 is shown in Fig. 9. Generally, there
is a similar pressure recovery noticeable in all cases as coef-
ficients of ¢, > 0 are achieved already at /L < 0.4. Further-
more, there are regions of significant pressure deficit close
to the actuator outlets visible. These areas are especially
pronounced in the case of ¢ = 111°, where an assumed dam-
ming of crossflow fluid and bending of pathlines results in a
significantly reduced static pressure.

The corresponding wall pressure distributions induced
by actuation through an FO are shown in Fig. 10. While the
effect of emission at an angle of ¢ = 30° is marginal, the
other cases yield greater wall pressure at £/L > 0.5, although
at the cost of reduced pressure coefficients further upstream.
Compared to the wall pressure distribution produced by the
FD, the pressure increase downstream is countered by the
fact that the pressure deficit close to the actuator is signifi-
cantly smaller.

o, [N

-05-04-03-02-01 0 0.1
0.05
L[l o
-0.05 L ‘ : ‘ ; |
0.1 0.2 0.3 0.4 0.5 0.6

gLi

Fig. 8 Distribution of pressure coefficient associated to base flow (no
actuation applied) measured with 8 X 3 grid of pressure taps
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Fig.9 Wall pressure distribution induced by pulsed jets generated by
an FD at different emission angles and constant velocity ratio r = 3.3
measured with 8 X 3 grid of pressure taps

3.3 Spatial POD modes

The spatial POD modes associated with the streamwise
velocity component are presented in the following. In the
course of discussing the results, the modal properties pre-
sent at the lower momentum input (r = 1.6) are compared
with the behavior related to the greater velocity ratio r = 3.3.

o, N

-05-04-03-02-0.1 0 0.1

0.05¢ @ = 30°
n/L[-] Of
-0.05¢
0.05 @ =60°
nL[-] O
-0.05
nL[-] O
-0.05

0.1 0.2 0.3 0.4 0.5 0.6
GLL

Fig. 10 The same as Fig. 9 but related to actuation with FO device
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Thus, flow structures produced by different velocity ratios
are unveiled.

With the exception of the base flow scenario, the focus is
laid upon the measurement plane at x/L = 0.3.

Note that he turbulent kinetic energy contained in each
mode is stated as a fraction of the total fluctuating energy

1 N
3 ; A (7

N
TKE = ) TKE, =

3.3.1 Base flow

The uncontrolled flow is represented by a first spatial mode
describing the shear layer enclosed by the free stream and
low-energy flow in closer wall proximity Fig. 11). This
mode contains consistently at least 30 % of the total turbu-
lent kinetic energy across all three measurement planes and
is supplemented by a higher harmonic in the second mode,
boasting about one fourth of the turbulent kinetic energy
related to the first mode.

3.3.2 Fluidic diverter

Actuation by means of an FD at a jet introduction angle
of @ = 30° and the smallest studied velocity ratio yields a
first mode similar to the first base flow mode, although the
border between free stream and the region of velocity deficit
is displaced toward the wall (Fig. 12). The greater actua-
tion intensity produces a pair of modes which are similar
in structure but contain significantly differing amounts of
fluctuating energy. A structure corresponding to the base
flow is not present, however, which can be attributed to the
more pronounced flow alteration at r = 3.3.

The most dominant spatial POD modes subject to ASC
with an FD at an emission angle of ¢ = 60° are depicted
in Fig. 13. The flow configuration at the smaller velocity
ratio again is dominated by a spatial mode similar to the one
describing the base flow case. The other modes represent the
dynamical process of the two alternately pulsed jets but are

90/0 TKE
\\ 8% TKE

base
2" modes

Fig. 11 First and second spatial modes representing the streamwise
velocity component of the one-sided diffuser base flow

>

80/0 TKE

TKE, = 11. 8% TKE, = 4.6%

nd
n
~

TKE, = 8.9%

z/L[-]
1

TKE, = 25. 8%
-0.1

0.1t TKE, = 21.7% TKE, =~ 4.1%

'

0.1-0.1

L[] y/L[]

Fig.12 Three most dominant spatial modes induced by FD at
@ =30° and x/L = 0.3; top row: velocity ratio r = 1.6, bottom row:
r = 3.3; colormap within the range of u/max(u) = [-0.1,0.1]

associated with significantly less turbulent kinetic energy.
Increasing the momentum input produces a displacement
of observable structures toward the diffuser wall. Addition-
ally, the base flow mode is diminished as was the case at an
emission angle of @ = 30° discussed above.

The same is applicable to the configuration exhibiting
the steepest emission angle ¢ = 111°, which is displayed in
Fig. 14. The two most dominant modes corresponding to an
increased velocity ratio represent a smaller fraction of the
total kinetic energy (Fig. 15), which may be ascribed to a
suppression of the base flow mode.

3.3.3 Fluidic oscillator

The spatial POD modes generated by actuation through
an FO device at an emission angle of ¢ = 30° are depicted
in Fig. 16. The spatial modes describe the dynamical pro-
cess defined by the generated sweeping jet. It can be noted
that the effect of the varied velocity ratio is marginal with

TKE, = 39.2% TKE, = 6.5% TKE, = 5.9%
E b r ' ' :
a4 0 ™~
N n
1
-0.1
0.1; TKE, = 29.6% TKE, = 14.2% TKE,=4.1%
= ™
; E H :
N I
N
-0.1
-0.1 0 0.1-0.1 0.1-0.1
y/L[-] y/L [-] y/L [-]

Fig. 13 The same as Fig. 12 but emission angle set to ¢ = 60°
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i 0! - : ; i ’ e
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-0.1 0.1-0.1 0.1 -0.1 0 0.1 -0.1 0.1-0.1 0.1-0.1 0.1
y/L [l y/L [l yL [ y/L [l y/L [l y/L ]
Fig. 14 The same as Fig. 12 but emission angle set to ¢ = 111° Fig. 17 The same as Fig. 16 but emission angle set to ¢ = 60°
40 ¢ =30° ¢ = 60° @=11° 0.1t TKE,=23.4% TKE,=13.1% TKE,=3.1%
—_ ~-r=1.6 -r=1.6 -r=1.6
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o 10'10° 10" 10° 10 0.1
Mode No. Mode No. Mode No.
TKE,=23.5%  TKE,=10. 5% TKE, = 2.5%
Fig. 15 Mode spectra of one-sided diffuser flow manipulated by FD N ™
at x/L = 0.3 subject to varied emission angle and velocity ratio; first <N' 0 ~
10 modes shown (logarithmic scale) t
-0. 1
0.1-0.1 0.1-0.1
0.1} TKE,=23.4%  TKE,=16.3% TKE,=7.5% y/L o] y/L [[] y/L [-]
—_ 2
- @
<Nl 0 -~ ‘"" Fig. 18 The same as Fig. 16 but emission angle setto ¢ = 111°
_ “
-0.1 . .
about one third of the total fluctuating energy at both
~ 0, 0, 0, . . . .
011 TKE, =32.3% TKE, =14, 8/" TKE =2.8% assessed velocity ratios (Fig. 17). The second and third
- o spatial modes are structurally unaltered as well and repre-
N 0 ‘I"I’ sent a similar fraction of turbulent kinetic energy across
~ different velocity ratios. Generally, the effect of velocity
'0-1_0 10 01 -0.1 0.1 -0.1 variation appears to be the least significant in the case of
' yiL [ y/L [-] y/L [-] FO application at ¢ = 60° when the spatial POD modes

Fig.16 Three most dominant spatial modes induced by FO at
@ =30° and x/L = 0.3; top row: velocity ratio r = 1.6, bottom row:
r=33

the most dominant mode remaining generally unchanged.
When compared to the base flow case, the flow structures
are located in closer proximity to the wall. This underlines
the positive effect of the applied actuation with regards to
flow separation and agrees well with the velocity field shown
in Fig. 7.

Jet introduction at an angle of ¢ = 60° yields a domi-
nant mode that is comparable to the base flow, containing
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are concerned.

The steepest emission angle ¢ = 111° produces spatial
modes, which reflect the slightly asymmetrical penetration
of the sweeping jet into the diffuser flow, see Fig. 18. While
the displayed structures again are generally similar and con-
tain a comparable amount of fluctuating energy, there are
coherent regions in the center of the cross-section observ-
able at r = 3.3 that are not present at the lower momentum
input. This finding can be explained by the steeper trajectory
corresponding to the greater velocity ratio.

Similar to the one-sided diffuser flow manipulated by
an FD device, the modal behavior induced by the FO is
mainly defined by two dominant spatial modes. However, an
increase of the velocity ratio does not yield flattened mode
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40 @ =30° @ =60° @ =111°
-r=1.6 -r=1.6 -r=1.6
0 -r=3.3 -r=3.3 -r=3.3

TKE, [%]
- N W
o O

0 0 -1 0 1 0 1
10 Mode No. 10710 Mode No. 10710 Mode No. 10

Fig. 19 Mode spectra of one-sided diffuser flow manipulated by FO
at x/L = 0.3 subject to varied emission angle and velocity ratio; first
10 modes shown (logarithmic scale)

@ =30°

®=60°

=3.3)

FD (r

=3.3)

FO(r

0 0
a a
0, .1

Fig.20 Phase portraits stemming from the first 150 temporal coeffi-
cients corresponding to first two modes at different emission angles,
x/L = 0.15, r = 3.3; top row: induced by FD, bottom row: induced by
FO

spectra. In fact, the influence of a varied actuation intensity
is rather marginal as shown in Fig. 19.

3.4 Reduced order model of dynamical behavior

The scaling of spatial modes discussed above is carried out
by means of temporal coefficients a defined as eigenvectors
solving the eigenvalue problem stated in equation (4). Note
that each mode coefficient is related to a spatial mode and to
a specific snapshot, i. ., an instance in time.

Assuming that the flow fields manipulated both by the FD
and the FO, exhibit T = 2z periodic limit cycle behavior and
are defined by two dominant modes oscillating with a phase
shift of 7z, the phase portraits of these modes, depicted in
Fig. 20, are expected to yield circular point clouds.

Since all measurement cases are rather heavily subsampled,
the connecting lines of neighboring coefficient pairs do not
describe a curve. However, this does not prevent a recovery
of phase information, which is performed by computing the
phase angle ¥ of each mode coefficient tuple regarding a circle
with a center at (a,,a,) = (0,0), as carried out in, for exam-
ple, [14]. By superposing the two most dominant modes for
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Fig.21 Streamwise velocity field at phase angle ¥ = 0 subject to
actuation by means of FD device at x/L = 0.15, ¢ = 111°, r = 3.3,
left: phase-averaged and superposition of first two modes, right: snap-
shot related to the same phase angle
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Fig.22 The same as Fig. 21 but actuation by means of FO device

the investigated flow fields according to equation (2), reduced
order models were deduced with most of the incoherent noise
being eliminated. This was further enhanced by phase averag-
ing within appropriate phase angle windows of the order of
AY =z /12.

The benefit of the obtained reduced order models is illus-
trated by Figs. 21 and 22, where the mean streamwise velocity
component obtained from superposing the first two modes is
compared to an exemplary snapshot related to the same phase
angle. On the basis of visual inspection, it can be noted that
the phase information is reproduced precisely while incoherent
noise is reduced.

Further results of the obtained reduced order models
are presented exemplarily in the following, focusing on the
dynamical behavior of vortex structures inside the cross-sec-
tion at x/L = 0.15 induced by the greatest momentum input
atr = 3.3 and an emission angle of ¢ = 111°.

As a means of vortex identification, the Q-criterion intro-
duced in [9], is applied where the streamwise component for
each spatial point is given by
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Fig.23 Flow structures induced by FD device at x/L =0.15,
@ = 111°, r = 3.3 during two phases ¥ = 0 (top row) and ¥ = z (bot-
tom row); left column: normalized streamwise velocity, right column:
normalized Q-criterion indicator

o-4(8)-(3)

2| \ay 0z
Positive values of Q, represent areas where the vorticity
magnitude is greater than the shear strain rate so that coher-
ent regions with this property represent vortices. These flow
structures, as generated by the studied FD, are shown in
Fig. 23. The observed vortex structures are located at the
edges of the actuator slot. As can be assumed from the veloc-
ity distribution, the momentum input through the two slots
differs with the orifice at y/L > 0 producing more significant
vortices. While they are shown to oscillate with respect to
the phase angle, the velocity deficit associated to the emitted
jet at y/L > 0 is still present during the emission phase of
the other actuator slot ¥ = z. The vortex structures indicated
by the Q-criterion are even more distinct then.

Longitudinal vortices generated by the FO operated at an
emission angle of ¢ = 111° are displayed in Fig. 24. It can
be noted that the sweeping character of the jet is reproduced
by scaling the first two modes with the related POD coef-
ficients. The induced velocity deficit is deflected to opposite
sides during the shown phase angles. Compared to the actua-
tion by means of the FD, the generated vortex structures are
more distinct and further detached from the wall. Both find-
ings can be attributed to the greater jet diameter in the case
of the FO, enabling greater penetration depth at an equal
momentum input.

wow_avow
dy dz 0z dy’ ®)
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Fig.24 The same as Fig. 23 but due to actuation by means of FO
device

4 Conclusions

The present article documents a modal analysis of experi-
mentally obtained data regarding ASC experiments on a
one-sided diffuser. Two fluidic actuators were investigated
and flow fields subject to emitted jets of different charac-
teristics were compared. It was found that at a low veloc-
ity ratio of » = 1.6, two alternately pulsed jets (FD) yield a
dominant spatial mode that resembles the uncontrolled flow.
However, this feature was suppressed at a greater velocity
ratio r = 3.3 and replaced by structures that describe the jet
pulsation. As for the studied FO device, the effect of a var-
ied momentum input on the spatial modes was found to be
marginal.

Apart from a steeper jet trajectory, actuation at greater
emission angles also produced more distinct vortex struc-
tures due to a more pronounced interaction with the cross-
flow for both devices. This resulted in a momentum shift
toward the diffuser wall. However, steeper jet introduction
also lead to significant damming of fluid, generating regions
of velocity deficit inside the jet wakes.

In regard to the technical application of fluidic devices,
more distinct longitudinal vortex structures were found for
the FO at the same momentum input. Furthermore, an elimi-
nation of the base flow mode observed in the case of the FD,
suggests that a threshold in actuation intensity needs to be
surpassed to ensure sufficient control authority. The choice
of emission angle has to factor in the short-term loss in the
form of a velocity deficit but ultimately greater wall pres-
sure present at steep emission angles against a continuous
increase of pressure in the case of flatter emission angles.
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