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In such a complex system as a modern turbofan engine, the laminar boundary layers developing on
surfaces of turbine blades are exposed to strong perturbations caused by acoustic waves. A high con-
centration of acoustic energy inside such an engine, apart from other negative aspects such as fatigue
loadings, can also have a major impact on the stability of the laminar boundary layer and can trigger
an earlier laminar-turbulent transition. This work examines the effect of acoustic excitation at broad-
band frequency range on a boundary layer developing on a flat plate subjected to a weak adverse pressure
gradient. The experiment was conducted with a low inlet turbulence intensity level (Tu > 1%) to provide
a cleaner environment that magnifies the effects of the excitation frequency. It was shown that acoustic
excitation can lead to a more rapid increase in flow instability followed by an earlier 1-t transition.
The paper also demonstrates that broadband acoustic excitation modifies the physics of the near-wall
flows by amplifying the frequency which is the 2nd harmonic of two-dimensional Tollmien—Schlichting

(T-S) waves.
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1. Introduction

The performance of turbines and compressors
in aero-engines depends on the characteristics of
the boundary layer; especially the position of the
laminar-turbulent zone plays an important role in
the energy conversion process. It is well known that
laminar-to-turbulent (1-t) transition is very sensi-
tive to the surface roughness as well as to the level
of external disturbances like free-stream turbulence
or incident wakes. Typical far-field sound spectra of
rotating machinery also contain tonal or broadband
acoustic components [1]. Especially, the flow inside
a modern turbofan engine is an example of the com-
plex flow system, where laminar boundary layers
developing on turbine blades’ surfaces are exposed
to strong perturbations caused by acoustic waves.
A high concentration of acoustic energy inside such
an engine, apart from other negative aspects such
as fatigue loadings, can also have a major impact
on the stability of the laminar boundary layer, par-
ticularly on triggering earlier I-t transition [2]. This
may lead to a significant lowering of engine op-
erational performance characteristics as well as to
an increased air pollution and noise.

The acoustic tones are commonly observed on
airfoils operating in low Reynolds numbers, where
a separation bubble occurs close to the trailing edge,
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where strong coherent perturbations are amplified
in a separated shear layer, while broadband noise
emissions are produced mainly for the attached flow
at the trailing edge.

It can be expected that such an emission will
affect the boundary layer on the profile and thus
also the I-t transition. Several studies indicate that
such acoustic emissions commonly result from air-
foil self-noise. In some cases, this effect can also
propagate backwards and influence flow develop-
ment via a feedback loop [3]. Although this phe-
nomenon is very complex, the literature indicates
that the available research is mostly devoted to the
impact of acoustic excitation on the separated shear
layer. Probsting and Yarusevych [4] found that such
an impact, dictated either by suction or pressure
side events, can alter separation bubble character-
istics.  On the other hand, Bernardini et al. [5]
demonstrated that excitation at the most unsta-
ble frequency intensifies coherence of vortical struc-
tures shedding in the shear layer, thus increas-
ing turbulent mixing which reduces the size of
the separation.

Although some recent studies have addressed the
possibility of flow control using acoustic excitation,
the effect of sound on 1-t transition at the attached
layer has not been thoroughly addressed. Accord-
ing to Zhou et al. [6], boundary layer transition may
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be regarded as the forced response of the laminar
boundary layer to external disturbances, where the
most important thing is the first stage, i.e., recep-
tivity — the process which was first described by
Morkovin [7]. This receptivity may occur, among
others, due to sound wave interacting with the lead-
ing edge curvature, discontinuities in surface cur-
vature or surface inhomogeneities. Jones et al. [§]
showed that propagation of acoustic waves, espe-
cially in the low-turbulence environment, may occur
at the selected frequency, which might be somewhat
different from the one of the hydrodynamic insta-
bilities. Therefore, it may be interesting to try to
distinguish between these two impacts.

2. Methodology

Experimental investigations were performed at
a facility equipped with an open-circuit wind tunnel
and a specially designed test section located at the
end of this tunnel equipped with a movable upper
wall allowing to impose adverse pressure gradient
(APG) conditions. A diagram of the test section,
including the basic measuring apparatus is shown
in Fig. 1. For the analyzed case, a boundary layer
develops on the 1400 mm long flat plate, where
a zero pressure gradient was maintained to a dis-
tance of 500 mm from the elliptical leading edge.
Then, the inclination of the upper plate at an angle
of 8 deg forces a mild adverse pressure gradient.

To accomplish the flow control, a 15-inches 1-way
speaker T115-800 (band: 100 Hz to 650 Hz) is lo-
cated at a certain distance from the tunnel out-
let and pointed upward in the flow. The speaker
was connected to Powersoft K 10 DSP amplifier
driven by a signal generator controlled by the Lab-
VIEW software and connected with a digital-analog
National Instruments converter, reproducing a pink
noise in a specified frequency range.

flow/direction

p

["x=550mm

Audio power
amplifier

~

Fig. 1. Diagram of the test section and speaker lo-
cation: 1 — microphone, 2 — single probe, 3 —
speaker, 4 — audio power amplifier, 5 — signal gen-
erator, 6 — PC, 7 — CTA, 8 — DAQ Device, 9 —
Lab VIEW.
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Mean velocity in the core flow at the inlet plane
to the test section was U =~ 5 m/s. It corresponds
to the Reynolds number Re, = 450 000 based on
the length of the plate x. The freestream turbulence
produced at the inlet Tu = 0.6% and the integral
length scale calculated from the autocorrelation of
the velocity signal measured 80 mm upstream the
flat plate leading edge equals 100 mm. The veloc-
ity measurements were performed with the use of
a hot-wire anemometry Dantec Dynamics Stream-
line Pro apparatus and a single hot-wire probe of
a wire length of [ = 1.25 mm. A GRAS 46BE 1/4"
microphone connected to the National Instrument
cDAQ-9174 system was used to perform sound
field measurements in the test section. Based on
the instrument’s accuracy for a frequency range
of 10-4000 Hz, the uncertainty in the measured
sound pressure levels (SPLs) is of £0.1 dB which
is typical for such measuring devices [9].

In addition to the naturally developing flow, the
flow exposed to the pink noise characterized by the
sound pressure level SPL = 130 dB at frequency
range 100-650 Hz was investigated. The pink noise
is a random signal for which the spectrum density,
i.e., narrow-band signal, varies as the inverse of fre-
quency. This type of signal is used, among others,
in the certification procedure of jet airplanes by the
U.S. Federal Aviation Administration.

3. Results and discussion

The research described in this study was aimed
at analyzing the response of the laminar boundary
layer developing on the flat plate and to investigate
the possibility of inducing an earlier I-t transition.
Figure 2 depicts the distribution of one of the basic
boundary layer parameters, that is, the shape fac-
tor H. The shape factor is defined as the ratio of
integral parameters, displacement thickness to the
momentum thickness and takes the value of 2.59
for a laminar (Blasius type) and 1.4 for a turbu-
lent boundary layer. From x = 500 mm, a clear
increase in H is seen, which is due to the influence of
APG. For the unexcited case, (NE) onset of the -t
transition is detected at the position x = 800 mm,
while for acoustic forcing (F), it is shifted upstream
by about 50 mm. The analysis of the distribu-
tions in Fig. 3 indicates that the acoustic forcing
has also some effect in the laminar boundary layer
region, causing a slight decrease in the H value al-
ready from the leading edge. However, the forcing
is too small to destabilize the wall layer at an earlier
position.

In order to investigate what is the physical mech-
anism of the acoustic wave impact, the characteris-
tics of the boundary layer for two traverses were an-
alyzed in more detail, i.e., for the so-called pseudo-
laminar region (z = 550 mm) and for the transi-
tional phase of the flow (x = 900 mm). Figure 2
illustrates the mean streamwise velocity profiles and
the streamwise Reynolds stress profiles for both
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Fig. 2. (a, b) Mean velocity U and (c, d) veloc-
ity fluctuation profiles u’ without (filled circle) and
with excitation (circle) measured for the laminar
and transitional boundary layer.
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Fig. 3. Distribution of shape factor H for no-

excited (NE — filled circle) and excited (E — cir-
cle) boundary layer.

traverses. When looking at the mean velocity pro-
files, the effect of acoustic forcing is almost unno-
ticeable. However, it looks different in the case of
the streamwise Reynolds stress.

As expected, for the naturally developing flow
there is an almost twofold increase in boundary
thickness § from 6 to 13 mm and an increase of
v’ maximum by over 70%. The most interesting
fact, however, is that for the laminar boundary
layer (x = 550 mm), the acoustic excitation causes
a strong increase (50-fold increase in energy) in the
velocity fluctuation in the freestream from 0.032
to 0.224 m/s, while close to the wall the differ-
ence is almost negligible (only 30% increase in en-
ergy). This indicates a clear damping effect of
the laminar boundary layer. A similar energy
damping phenomenon occurs for the next traverse
at £ = 900 mm. However, at this location it is ob-
served apart from the region just near the wall
(y = 0.1-3 mm), where the level of fluctuation with
forcing is nearly 2.5 times higher.

To further clarify the physical processes occur-
ring in the boundary layer, a spectral analysis of
the velocity signal recorded outside the boundary
layer, i.e., y = 10 mm, and in the shear layer near
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Fig. 4. Amplitude spectra for (a, b) no-exited NE
b.l, (c, d) exited E b.l, (e, f) free field, (g, h) dif-
ference.

the wall, i.e., at the distance of y = 1 mm, was
performed (Fig. 4). In addition to the mentioned
spectra, the difference spectra of the signal recorded
inside and outside the boundary layer are shown in
Fig. 4g, h. In the vicinity of the wall, for the un-
excited case initially, the energy is concentrated in
a very low frequency range while later, as a result of
emerging instability and turbulence in the flow, the
upper limit of the spectrum shifts towards higher
frequency values. This is similar to the excited case,
but here, in addition to the low-frequency fluctua-
tions, the effect of acoustic forcing is seen in the
100-650 Hz band. This pattern is clearly visible
in the freestream as it is depicted in the next set
of graphs (Fig. 4e, f). The overall energy change
in the analyzed signals can be estimated based on
the RMS values summarized in Table I. The most
important thing seems to be the last set of dia-
grams, i.e., the difference spectra, showing what
is the share of the near wall energy due to exter-
nal flow, including acoustic forcing, and what is the
result of self-generated processes occurring in the
wall layer. For x = 550 mm, in addition to the low-
frequency fluctuations typical of a pseudo-laminar
boundary layer, an amplification for a narrow fre-
quency range around 120 Hz is evident.

According to Johnson and Pinarbasi [10], the
laminar boundary layer is receptive to relatively
narrow frequency bands. They identified two
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TABLE I
RMS of velocity signal recorded for 550 mm and

900 mm. The notation “sx” reads for 20 E for
z = 900 mm.
550 [mm] 900 [mm]
1NFE 0.210 0.433
1FE 0.307 0.687
10 E* 0.224 0.204

frequency regimes: the first of them is responsi-
ble for the generation of Tollmien—Schlichting (T-S)
waves and the second — for the generation of
the elongated streaky structures, where the latter
have spanwise wavelengths from approximately §
to 49. The frequency of the T—S waves may be pre-
dicted by the linear stability theory, which involves
a search for eigenvalues of the Orr—Sommerfeld
equation. However, Walker [11], basing on Obrem-
ski’s calculations, derived a correlation for the fre-
quency of the most amplified T—S waves in terms of
the displacement thickness Reynolds §*. This can
be written as

fe 32 UZ 1)

21v Re?i 2

where v is the kinematic viscosity. Based on the cor-
relation (1), the frequency for = 550 mm takes the
value of 59.8 Hz, which means that the excited fre-
quency is the second harmonic of T—S waves. These
results also indicate that external forcing beyond
this excited frequency has no noticeable effect on
the laminar boundary layer. Further downstream,
for = 900 mm the amplification of fluctuation for
the frequency 120 Hz is no longer observed. It is
because the development of the two-dimensional
T-S waves is followed by the emergence of three-
dimensional structures. Thus, it can be hypothe-
sized that at an earlier stage enhanced T—S waves
induced a faster destabilization of the boundary
layer than the fluctuating energy is redistributed
to all possible frequencies, which accelerates the I-t
transition. This also results in a faster increase in
the momentum thickness and a consequent decrease
in the shape factor H.

4. Conclusions

This work examines the effect of acoustic excita-
tion at broadband frequency range on a boundary
layer developing on a flat plate subjected to a mod-
erate adverse pressure gradient. The experiment
was conducted with a low inlet turbulence intensity
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level (Tu < 1%) in order to provide a cleaner envi-
ronment that magnifies the effects of the excitation
frequency. It was shown that acoustic excitation
can lead to a more rapid increase in flow instability
followed by an earlier 1-t transition. The paper also
demonstrates that broadband acoustic excitation
modifies the physics of the near-wall flows by am-
plifying the frequency which is the 2nd harmonic of
two-dimensional Tollmien—Schlichting (T—-S) waves.
The most effective frequency agrees with the invis-
cid stability theory and the higher amplification of
waves takes place in the shear layer.
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