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Abstract: As high-pressure-turbines operate at extreme temperature conditions, base bleed can be
applied at the trailing edge of the airfoils, enhancing the thermal protection along the trailing edge
surface, but also disrupting the trailing edge flow and altering the overall aerodynamic pressure
losses. The current work explores the potential use of base bleed as a flow control tool to modulate the
flow between turbine blade rows. Through the numerical analysis of a symmetric airfoil immersed
in a subsonic flow, the effects that trailing edge ejection has on the base region properties and the
downstream flow are evaluated. In particular, previous research constrained to steady blowing is
now extended to consider an unsteady pulsating base bleed injection. Three injection frequencies
are investigated, covering a wide range of base bleed intensities. The results presented herein
demonstrate that pulsating bleed flow is more efficient than its steady counterpart in terms of
reducing pressure losses and controlling the primary frequency of the downstream oscillations for
the same mass flow injection.

Keywords: flow control; aerodynamics; trailing edge flow; unsteady flow characteristics; computational
fluid dynamics

1. Introduction

In pursuing higher performance, the architecture of aircraft engines evolves towards
lighter and more compact designs. Compactness can be achieved using counter-rotating
subsonic turbines [1], transonic turbines [2], or supersonic turbines with pressure gain
combustion [3]; but those configurations normally increase the unsteadiness and flow
detachment of the boundary layer downstream of the trailing edge, which significantly
contributes to the profile losses [4].

To illustrate the problem, Figure 1 depicts a representative trailing edge flow topology.
As the flow approaches the trailing edge, the boundary layers from the pressure and suction
sides of the turbine airfoils separate into two alternate shear layers, rolling into vortical
structures. Eventually, the two periodic shear layers merge downstream at a confluence
point, forming a confined region of low pressure and momentum, known as the base
region [5]. The flow structures that form downstream of the turbine blade and their
behavior are strongly affected by the base region properties, in particular the intermittent
shear layer detachment that generates one or more pairs of vortexes that roll downstream.
Both the rear suction side of the airfoil and the trailing edge must be carefully designed as
they are prime contributors to aerodynamic drag and a source of forcing to downstream
blade rows.
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One way of mitigating both the losses and the source of unsteady forcing is to add
momentum to this region, disrupting the base pressure, wake, and the downstream vortical
pattern [6]. As high-pressure-turbines work in extreme temperatures environments, they re-
quire continuous airfoil cooling. In particular, the trailing edge of the airfoils is refrigerated
by the redirection of coolant flow constantly ejected through holes or slots. When ejected
at the trailing edge, this mass flow may be exploited to control the flow topology of the
base region [6,7]. In recent years, the use of trailing edge or base bleed coolant ejection has
proven to be effective in the mitigation and modulation of wake flow structures [8-10], or,
when high velocities are involved, the trailing edge shock wave [11-14]. Available results in
the literature mostly consider a constant mass flow ejection. Towards a more efficient use of
this flow actuation, the modulation of the base bleed flow by means of intermittent trailing
edge injection instead of a constant mass flow can be considered. This topic was numerically
and experimentally covered in the low supersonic regime [15-17], with interesting results.
While part of the published numerical data suggests that employing intermittent base
bleed actuation would not offer significant gains when compared to constant actuation [16],
empirical results indicate the contrary. It has been shown that forcing base bleed to actuate
by pulses may enhance blade cooling and reduce associated losses, as the modulation of
the trailing edge flow could alter the impingement of the trailing edge shock wave on the
suction side of downstream blades [17].

However, trailing edge coolant injection may lead to the onset of unintuitive flow
configurations. Saracoglu et al. [14] reported for the first time the onset of non-symmetric
trailing edge flows when the flow is ejected in symmetric supersonic turbine blade con-
figurations. A hydrodynamic stability analysis of the former configuration performed by
Martinez-Cava et al. [18] demonstrated that a global instability may become dominant
for specific blowing intensities, eventually breaking the symmetry of the base bleed jet.
The flow topology at the base region may yield flow perturbations, whose properties
depend on the ejected flow intensity and may tend to grow, eventually introducing a source
of asymmetry, developing a Coanda effect produced by local pressure gradients. While this
effect was present only at certain base bleed intensities, its link with the vortex detachment
could affect the downstream flow structures and the aerodynamic forces developed on the
airfoil [19].
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Figure 1. Representational scheme of trailing edge base region flow, together with static pressure
contours and static pressure time series. Image partially reproduced from Martinez-Cava et al. [19].
Copyright © 2021, published by Elsevier Masson SAS. All rights reserved.

The current work further explores the effects of base bleed on subsonic conditions,
considering a pulsating coolant flow base ejection to verify if unsteady blowing is more
efficient than a continuous and steady trailing edge injection. A large set of numerical flow
calculations covering a range of base bleed intensities and injection frequencies is compared
against constant blowing conditions at the same maximum flow rate. Wake structure,
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pressure loss, angle of the jet, and a detailed energy balance are evaluated. Despite having
an apparent lower effect on the base region than constant base bleed, notable changes in the
ejected jet angle, pressure losses, and measured forces are found when pulsating base bleed
is employed, with significant gains on the energy costs required to reduce the aerodynamic
pressure drag.

2. Computational Set-Up

The geometry considered in this work is the same studied by Martinez-Cava et al. [19]
that we reproduce here for clarity.

A simplified trailing edge flow is achieved through a zero-cambered airfoil of 160 mm
chord (c), with an aspect ratio value of 8 (defined as ¢/D, D = 0.020 m being the trailing
edge thickness). Boundary layer separation at the leading edge has been avoided using
a smooth Haack Series [20] nose shape. The mass flow employed on the base bleed is first
discharged in a stagnation plenum inside the airfoil, which is connected to the base region
by a thinner passage covering a third of its width (b = 0.3D). The model is confined between
two parallel walls separated by 230 mm, and the inlet and outlet boundaries are placed at
enough distance to avoid any interference of the boundary conditions. Subsonic conditions
are imposed to recover a Mach and Reynolds number of M = 0.34 and Re. = 1.53 x 10°,
respectively. As no thermal aspects are covered in this analysis, a total temperature of 257 K
is set at the free stream and a static temperature of 250 K is imposed on the base bleed flow.

Without any flow actuation, pairs of vortices would detach from the trailing edge
with an associated frequency related to the incoming flow velocity and the trailing edge
thickness, under a characteristic Strouhal number of St = 0.287. These vortices separate in
an alternating manner from upper and lower sides, producing an oscillating behavior of
the wake and the base region (Figure 1).

Flow calculations in this work are computed with the Finite Volume DLR-TAU
Code [21] (TAU). Based on a three-dimensional finite volume scheme approach, TAU
is a state-of-the-art compressible flow solver used on the aerospace industry to accurately
calculate flow solutions from the low subsonic to the hypersonic flow regime. On time-
dependent solutions, such as TAU, employ a dual time-stepping scheme coupled with
a multigrid acceleration. Due to its performance in compressible flow, turbulent fluxes
are modeled with the Menter’s 2003 Shear Stress Transport version of the k-w closure
model [22]. The flow is considered to be fully turbulent from the leading edge, according
to the suggestions of the high-pressure turbine community. The spatial discretization of
the domain is done using a non-structured quadrilateral mesh (Figure 2), with localized
refinements on the areas of interest, keeping y+ values below unity so the boundary layer
is fully resolved. Both mesh sensitivity and influence of the inlet turbulence intensity
were evaluated in previous works [19], ensuring spatial discretization independence on
the results and discarding sensitive results to changes in the turbulent inlet conditions.
Furthermore, convergence of the periodic unsteady flowfield was ensured following the
recommendations established by Clark and Grover [23].

il
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Figure 2. Detail of the grid spatial discretization used on the numerical analysis. General view (a) and
trailing edge mesh details (b). Image partially reproduced from Martinez-Cava et al. [19]. Copyright
© 2021, published by Elsevier Masson SAS. All rights reserved.
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Actuation Details

Trailing edge flow actuation is modeled using TAU native boundary conditions,
allowing control of the ejected mass flow and modulating its timing. The mass flow
used on the trailing edge flow actuation is first discharged within a stagnation chamber
and connected through a straight passage to the base region.

To keep a consistent nomenclature with previous works on trailing edge actuation of
the literature, the mass flow ejected on the base bleed actuation is non-dimensionalized as:

Cp = 11/ peoUcoh, ¢y

1i1 being the imposed mass flow rate, i = 0.9D the width of the base bleed stagnation
chamber, with po and U as the free stream density and flow velocity. In this work,
the non-dimensional parameter Cj, is varied from 0 to 1, evaluating the different effects on
the trailing edge flow encountered when varying the total ejected mass flow.

The base bleed flow is modulated in frequency and smoothed to avoid sudden changes,
ramping up and down from constant blowing velocity to zero-mass flow during one actua-
tion cycle, as depicted in Figure 3. The actuation time period is defined as T = Tyt + T,
Tyct being the time where the flow is injected per period and T, the zero flow rate actuating
time. A duty cycle value of D, = T,/ T = 0.5 is considered for all the studied cases.

u [m/s] t99
—_— j—

—_— Th fe— t

—_— Tf |—

Figure 3. Illustration of the actuating boundary condition for periodic base bleed.

All configurations are tested for constant and pulsating blowing at the same maximum
flow rate and at a range of frequencies varying from 100 to 200 Hz, the expected periodicity
caused by the blade passing on high pressure turbines. The downstream flow topologies,
the influence of the Coanda effect, and the energy gains due to the trailing edge flow injection
are herein investigated. Furthermore, numerical monitors are employed to monitor static
pressure at specific regions that, together with the calculated viscous forces, are time
averaged to evaluate the changes produced during the pulsating trailing edge actuation.

3. Results and Discussion
3.1. Trailing Edge Steady Actuation

The effects of steady base bleed on the base pressure and the characteristic Strouhal
number of the wake flow structures were studied in Martinez-Cava et al. [19] and are
summarized in Figure 4. The evidence obtained from numerical analyses suggested to
divide the trailing edge flow behavior in four distinctive phases:

Phase I. C;, >~ 0. Vortices shed in an alternate manner from the trailing edge when no base
bleed is applied. We refer to this stage as a non-blowing configuration.

Phase II. C; < 0.38. Base pressure increases due to an initial “filling” effect, raising the
maximum base pressure value to Py, /P ~ 1.1, with a slight increment in the
frequency associated to the vortices. Under these conditions, the base bleed introduces
a source of asymmetry on the wake downstream, followed by a neutralization of the
vortex shedding.
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Phase III. 0.38 < C, < 0.8. At this stage, the base pressure rapidly decays, almost eliminating
the observed gains produced by a lower intensity trailing edge actuation. These
changes are also accompanied by a reduction of the dominant wake flow frequency.
While the trailing edge flow initially behaves as symmetric when it is time averaged,
higher blowing intensities promote the onset of a non-symmetric flow topology.

Phase IV. C, > 0.8. Elevated ejected mass flows eventually force a symmetric trailing edge
flow, weakening any oscillation and increasing the base pressure towards a final
plateau of Py, /Poo = 1.07. Further increments in the base bleed intensity do not
produce significant changes in the flow topology.
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Figure 4. Evolution of the temporal averaging of the static base pressure ratio (Py;tijp = Ppase/ PpaseNB)
and the Strouhal number (St = fD/Us) when the base bleed intensity is increased. Those mass flows
related to non-symmetrical trailing edge flows are highlighted in blue, while those associated with the
disappearance of vortex shedding are marked in green. Reproduced from Martinez-Cava et al. [19].
Copyright © 2021, published by Elsevier Masson SAS. All rights reserved.

3.2. Trailing Edge Pulsating Actuation

To evaluate the influence of a pulsating injection, the analysis of the considered base
bleed configurations targets the evolution of four aerodynamic aspects:

1. Airfoil drag force.

2. Airfoil lift force, monitoring characteristic frequencies and extreme values.
3. Onset of a base region Coanda effect.

4. Energy efficiency of the trailing edge actuation.

Results are compared against those obtained with non-blowing and steady base
bleeding configurations.

3.2.1. Airfoil Drag Force

To track the evolution of the viscous drag forces with respect to the base bleed intensity,
a relative non-dimensional coefficient for the aerodynamic drag forces, C; g, is defined as:

—_ G )
Car Con’ )

where C; is the drag force coefficient for a specific configuration and Cg, , is the cor-
responding drag coefficient for a non-blowing configuration. Its dependency with the
non-dimensional base bleed rate, Cy, is depicted in Figure 5 for different pulsating base
bleed frequencies. Increasing the values of Cj, the drag force coefficient initially decreases
until it reaches a minimum at ~C; = 0.13, approximately 17% lower than the reference
value. However, higher values of C; imply a further increment of the drag force coefficient,
this being more pronounced for a steady base bleed. This increment of the drag force
coefficient is related to a decrease in the base pressure value, as the ejected mass flow
evacuates flow from the base region, hence increasing the pressure drag. Nevertheless, this
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trend is more pronounced for a steady base bleed actuation, indicating that a pulsating
injection may be more beneficial in terms of aerodynamic drag than its steady counterpart.

In the evaluated injection frequency range of 100-200 Hz, the drag forces appear to
be quite insensitive to the frequency of the bleeding. Lower frequency ejections (below
100 Hz) may show a smooth transition from the numbers observed on a steady actuation
to those shown herein for a pulsating actuation, but that remains out of the scope of the
present analysis.

400

Figure 5. Mean drag coefficient relative to a non-blowing configuration against non-dimensional
base bleed rate for constant (-0-) [19] and pulsating base bleeds at 100 Hz (-A-), 150 Hz (- x-) and
200 Hz (-57-).

For illustration, snapshots of instantaneous pressure coefficient contours obtained
from an URANS solution at C;, = 0.13 and C;, = 0.90 for a pulsating base bleed frequency
of f = 100 Hz are depicted in Figure 6. The pulsation of base bleed modulates the
pattern of trailing edge vortex shedding but does not neutralize it for high values of the
non-dimensional base bleed rate, as observed in steady base bleed actuation [19].

-0.1 0 0.1
L e——

-0.2 0.2

Cp =0.90

Figure 6. Snapshots of instantaneous pressure coefficient contours for a pulsating base bleed of
f = 100 Hz and non-dimensional base bleed rates of C;, = 0.13 and C, = 0.90. (a) t = 0.1T.
(b)t=04T. ()t =07T.(d)t=T.(e)t =01T. (f)t =04T. (g) t =0.7T. (h) t = T.
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3.2.2. Airfoil Lift Force

In this Section, the effect of the pulsating base bleed on the frequency and amplitude
of the oscillations of the lift force coefficient is discussed. The definition of the Strouhal
number considered for the interpretation of the results shown herein follows the definition:

fD
St = T (©)]
where U is the velocity of the incident flow, D is the thickness of the considered airfoil
at the trailing edge, and f is the lift force main oscillation frequency. The reference value
for the Strouhal number is associated with a non-blowing configuration, St = 0.287. Ac-
cording to the underlying physics, there are three main possible contributions to the lift
force oscillations:

1.  Vortex shedding phenomenon
2. Oscillations of the jet angle
3. Injection frequency

The characteristic frequency is determined through a Fast Fourier Transform (FFT) of
the time series obtained from the URANS simulations, which have been ensured to have
reached convergence by showing periodic flow tendencies. Figure 7 depicts the Strouhal
number obtained of the most energetic frequency plotted against the non-dimensional
base bleed rate. The injection has a strong impact on the frequency of the lift oscillations,
and despite the fact that there is no clear relation between St and C, certain conclusions
can be extracted.
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Figure 7. Strouhal number (a) and relative lift coefficient amplitude (b), Ac, r = Ac,/Ac, NB/
against non-dimensional base bleed rate. Results for constant (-0-) [19] and pulsating base bleeds at
100 Hz (-A-), 150 Hz (- x-) and 200 Hz (-/-).

The dependency of the associated frequencies with the base bleed rate follows the
observed trend for steady base bleed [19], peaking as C; increases. At certain ranges of
base bleed intensities (C, = 0.1-0.3 and C;, > 0.8), the oscillations are so small that it can
be assumed that vortex shedding has been suppressed. The use of base bleed generally
reduces the amplitude of the oscillations when compared to the non-blowing configuration,
but the effect of the pulsating injection appears to be less evident than a steady actuation.
For each injection cycle, the flow patterns at the base region are modulated with the
duty cycle. Although base bleed mostly affects the base region area, the downstream
region flow topology is also severely altered. A probe located downstream of the injection
channel is used to monitor flow variables over time (point F;, on Figure 8). In Figure 9,
spectrograms based on pressure time series of four actuation cycles are gathered for a
non-blowing configuration and two different base bleed intensities. As the profiling point
is located in the symmetry plane of the model, the first shows a clear dominance of a
frequency value that doubles the frequency corresponding to the natural vortex shedding.
However, the other two frequencies appear modulated by the actuation cycle, with the
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former showing a disappearance of the vortex shedding related oscillations as the strength
of the base bleed jet generates a symmetric flow topology.

0.04 ¢
.
Nof < [ b [0 e
—
B C
0.04 0 X 0.2

Figure 8. Main dimensions of the model and location of numerical probes for flow monitoring.
Regions for jet flow analysis are highlighted in blue, and the location of the wake analysis probe is

named F.
5000 5000 5000
N 3000 N 3000 N 3000
L = =
Y Y Y
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(@) (b) (0)
Figure 9. Frequency spectrograms taken at location F;, (see Figure 8) during four actuation cycles,
for a pulsating base bleed of f = 100 Hz and different non-dimensional base bleed rates. (a) C;, = 0.00.
(b) C, = 0.13. (c) C;, = 0.90.

3.2.3. Base Region Coanda Effect

The evolution of non-symmetrical perturbations at the end of the base bleed injection
channel develops the interaction of the upper and lower recirculation regions, eventually
causing a deflection of the trailing edge jet following a so called “weak Coanda” effect [18].
This asymmetry in the base region is evaluated herein by means of two interrelated vari-
ables: the injection jet angle, B, and the averaged value of the lift coefficient, C; = [/ g, |
being the transversal aerodynamic force.

The base region flow properties are modified over time as a combination of the shear
layer oscillations, vortex shedding, and the behavior of the base bleed jet. The jet angle, 5,
indicates the direction of the injected base bleed flow with respect to the symmetry plane.
In this regard, several probes are located at the end of the injection channel, monitoring
the different velocity components. An oscillation of § is expected when vortices are shed
from the base region, while steady deviations of the injection flow, with respect to the
horizontal, are caused by the onset of the aforementioned Coanda effect. Averaged values
of the absolute value of the jet angle, |f|, are depicted in Figure 10, indicating that a Coanda
effect appears for mid and low values of C;, in a similar behavior to that obtained for
a steady blowing, and its magnitude increases with the frequency of the pulsating injection.
However, as opposed to steady base bleed configurations, where the deviation in the jet
remains constant, now an oscillation in the direction of the jet linked to the intermittent
flow injection appears, causing a further increment of the absolute value of the average jet
angle. It can be argued that this phenomenon is related to the ramping-down effect of the
jet intensity when the duty cycle is on its low stage, as the ejected mass flow decreases and
acquires values for which a Coanda effect might develop. Finally, in a similar way to the
observed trends during a steady actuation, at higher values of the injection rate, the Coanda
effect is negligible.
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Figure 10. (a) Absolute value of the jet angle, |B], (continuous lines) and averaged lift coefficient, C;,
against non-dimensional base bleed rate (dashed lines). Results for constant (-1J-) [19] and pulsating
base bleeds at 100 Hz (-A-), 150 Hz (- x-), and 200 Hz (-/-). (b) Snapshot of base region velocity
contours, illustrating base bleed jet angle variations.

In absence of trailing edge injection, the mean value of the lift force is zero despite
the flow oscillations. However, the Coanda effect induced by certain base bleed intensities
introduces a non-symmetric flow topology, causing transversal loads with a non-zero
average value. This effect is reflected in the results gathered in Figure 10, where the
averaged lift force as a function of the injected mass flow rate is depicted. For illustration,
lift forces are compared with those obtained with a non-blowing configuration. As expected,
low values of the jet angle are linked to near zero averaged values of the lift force. Lift
values increase with low C;, values, this effect being more pronounced for higher injection
rates. Without contradicting the aforementioned results of the jet angle analysis, it appears
that, despite the low jet angle for high C; values, the large mass flow injected at the trailing
edge has an non-negligible effect on the aerodynamics forces.

It may be argued that the global effect on the aerodynamic loads over a symmetric
airfoil as the one analyzed here is relatively low. However, this effect could gain relevance
on cambered airfoils with different trailing edge shapes, possibly causing circulation
alterations and thus lift variations.

3.2.4. Efficiency Gain

A last analysis is performed herein, evaluating the energy requirements for each
bleeding strategy. For a particular pulsating base bleed frequency, f, the total amount of
mass flow injected per actuating period yields m = mD,./ f. Hence, we may express the
total energy needed to inject an amount of mass, m, at a certain flow speed, V, during
a time period, T, as:
1D,

The injection power, Py jection, defined as the energy required per unit of time, here
expressed as a certain number of injection periods, N,jo4s, with respect to an actuation
time, ¢, is then enunciated as:

EInjection = Emvz V2, 4

EinjectionNperiods 1
plnjection: In]ectzoz periods _ ichV2~ (5)

An important conclusion drawn from the aforementioned formulation is that, in the
analytical approach performed, the injection power for a given base bleed rate is indepen-
dent of the injection frequency and only depends on the duty cycle. The injection power for
steady base bleed configurations can be recovered when M = T, while the injection power
required for pulsating base bleed results from taking D. = M/T = 0.5.
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Given the two-dimensional nature of the analyses, the dissipated power per unit
depth, Ppissipated, can be defined as the product of the dimensional aerodynamic drag per
unit depth and the inflow velocity:

PDissiputed = GIooUwCGr (6)

with the corresponding values of for the dynamic pressure, 4, and the free stream velocity,
Uwo, calculated from the inlet conditions described in Section 2.

The dissipated power is depicted in Figure 11, where the benefits of pulsed injection
are clearly visible. It is interesting to note that, despite the variation on the ejected total
mass flow and the subsequent variations on the base pressure, the gains in the averaged
pressure drag of the most efficient configuration (C, ~ 0.13) are nearly the same as those
obtained for a steady trailing edge actuation. Increasing the injection intensity, a pulsed
injection results in a more efficient use of the energy compared to constant bleeding, this
effect being more accused for higher injection powers.

3
E2
15 s |
a1l
a o ,g_,uﬂ//
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:i e P, [kW/m]
()
n- %

1‘0 1‘5 2‘0
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Figure 11. Dissipated power, Pp, against injection power, Py, for constant ([J) [19] and pulsating base
bleeds at 100 Hz (A), 150 Hz (x), and 200H z (%/).

4. Conclusions

In this work, a thorough numerical analysis on the effects and gains caused by pulsat-
ing flow actuation applied at an airfoil trailing edge has been conducted and compared
with previous results obtained for constant base bleed and configurations without flow
control at subsonic inflow speeds. In particular, actuation frequencies linked to the pe-
riodicity of the flow that may be caused by the blade passing on high pressure turbines
is investigated. The potential capabilities of pulsating bleeding at the trailing edge as an
active flow control methodology are notable, with proven effectiveness on the modulation
of downstream flow structures, reducing the overall drag and controlling the frequency of
the vortex detachment and transversal forces.

Considering the injected mass flow and the frequency of the injection as critical
parameters, the results show a drag reduction of almost 85% for a non-dimensional injected
mass flow of C;, = 0.13. While this gain is comparable to that obtained with steady blowing,
a pulsed injection results in a more efficient use of the energy compared with constant
bleeding, with this effect being more pronounced for higher injection powers.

The use of base bleed reduces the amplitude of the force oscillations when compared
to the non-blowing configuration, but the effect of the pulsating injection on the lift force
associated frequencies is less evident. While relatively low (C; ~ 0.13) and high (C, > 0.8)
values of the non-dimensional base bleed mass flow are still related to a drastic reduction
of the wake perturbations, indicating a vortex shedding neutralization, intermediate values
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behave more erratically and seem to be more dependent on the pulsating frequency than
expected. Further investigation is needed in this regard. However, the obtained frequency
spectrograms for the trailing edge downstream flow show a clear modulation of the
perturbations and a coupling with the frequency of actuation. Interestingly, a Coanda
effect appears for mid and low values of Cp, in a similar behavior to that obtained for a
steady blowing, and its magnitude (measured through the angle of the base bleed jet angle)
increases with the frequency of the pulsating injection. Contrary to the cases with constant
base bleed, where the deviation in the jet remains constant, now an oscillation in the
direction of the jet linked to the intermittent flow injection appears, causing an increment
of the absolute value of the average jet angle.

As coolant flow ejected at the trailing edge is currently employed on the enhancement
of airfoil performance through base pressure modulation, the results shown herein present
the use of pulsating flow actuation as a more efficient flow modulating tool to be considered
on cooling flow systems. Additionally, intermittent flow actuation allows for modulate the
airfoil wake structures, coupling it to the employed actuating frequencies and allowing for
further exploitation of these methodologies.
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