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Abstract
Trailing edge injection enables control of the detached and unsteady flow within
the base region. The interaction of the jet with the base region alters the flow
topology causing pressure bifurcations at the trailing edge that affect the aerodynamic performance of the system and modify the vortex patterns downstream the
body. The purpose of this work is to fully characterize the physical effects related
to the use of base bleed on the trailing edge of an airfoil at subsonic conditions.
Defining a non-dimensional base bleed rate Cb = ṁ/ρ∞ U∞ h, a wide range from
Cb = 0 to Cb = 1 is applied to a simplified model of a turbine blade. The influence of the trailing edge geometry shape is also evaluated, showing that rounded
geometries have the potential to minimize the undesirable effects of the injection.
Vortex shedding is neutralized when the (non-dimensional) ejected mass flow exceeds the value of Cb = 0.8 and Cb = 0.55 for straight and rounded geometries,
respectively. Additionally, neutralization of the shedding also occurs for relatively
low base bleed rates, often accompanied by the onset of a non-symmetrical configuration at the trailing edge. This work has particular relevance in aerothermal gas
turbine design, where coolant flow may be ejected at the trailing edge to ensure
adequate thermal protection of the airfoils.
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1. Introduction
The region downstream of a body with a blunt end, often referred as the base region, is typically characterized by having low momentum and pressure due to flow
separation [1]. The flow detachment at this area is the prime contributor to pressure losses, playing a fundamental role in the body’s aerodynamic design. The
afterbody of axisymmetric bodies [2, 3, 4], the aft part of ramjets or aircrafts [5],
the rear flow of ground and flight vehicles [6, 7], or the trailing edge of turbomachinery airfoils [8, 9] are some applications where the base region flow drives the
aerodynamic design process. During the initial aerodynamic optimization of turbomachinery passages, mono-dimensional tools anchored on correlations are used
to explore a vast design space, key to develop novel configurations. In high-speed
turbomachinery, trailing edge losses provide a significant contribution to profile
losses [10, 11]. In transonic turbines, the trailing edge loss may account for about
70% of the overall profile loss [12]. Trailing edge losses may be accurately predicted based on the base pressure, developed by Sieverding et. al [13]. Alas,
trailing edge coolant ejection disrupts the pressure and downstream flow topology
and wake mixing.
A schematic description of the flow topology close to a turbine blade trailing
edge is shown in Figure 1. As the boundary layers from the upper and lower sides
of the airfoil reach the trailing edge, they separate giving rise to two shear layers
that join again downstream of the blade in a confluence point. They form a low
pressure and momentum area between the blade trailing edge and the confluence
point, known as the base region. The alternate separation of the shear layers generate one or more pairs of vortices, depending on the Reynolds number, that travel
downstream forming the Von Kármán vortex street. The flow around a trailing
edge has been widely investigated in a wide range of Mach numbers [14, 15, 16],
highlighting the sensitivity of the base region properties to the downstream conditions. The influence of the incoming boundary layer thickness, together with
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the trailing edge shape, was explored by Melzer and Pullan [17], finding that
square trailing edges may partially restrict transonic vortex shedding, and thicker
boundary layers would have a damping effect of the trailing edge losses. As also
suggested by El Gendi et. al [18], Melzer and Pullan pointed out that the use of an
elliptic trailing edge shape will both increase and equalize the base pressure, suppressing transonic vortex shedding for those conditions where straight or slightly
rounded trailing edges would develop it. Luo et al. [19] proposed a biomimetic
spanwise trailing edge shape that was able to eliminate the shedding of von Kármán vortices, transforming them into small three-dimensional vortices that would
quickly dissipate reducing the mixing losses.
Different ways to control the flow over
turbine airfoils have been considered in the
last decades. For example, Bons et. al [20]
and Bloxham et. al [21] proposed the use
of modulated Vortex Generator Jets (VGJs)
on the suction side, either steady or pulsating. The use of pulsating VGJs that could
be also synchronized with the blade pass- Figure 1: Schematic flow topology at the
ing frequency of downstream rows was base region. Upper right picture shows
static pressure contours on a trailing edge

significantly more efficient than the use of study model. Lower graph depicts static
a steady flow control VGJs. Employing ac- base pressure evolution with time.
tive flow control, Yang et al. [22] evaluated
the influence of a dynamic hump on the suction side of the airfoil to suppress laminar flow separation, resulting on significant gains for relatively low Reynolds
numbers. Base bleed injection at the trailing edge is commonly used for highpressure turbine cooling. The turbine airfoil inner cooling is ejected at the trailing
edge, increasing the pressure at the base region and reducing the aerodynamic
losses [23, 24, 25, 26]. Flow injection at the base region alters the interaction
between the two shear layers and modifies the wake flow topology, changing the
vorticity diffusion [27], the flow pattern and the intensity of the shock wave sys-

3

tem when present [28, 29]. It has been reported that the injection of flow in the
base region can also induce a suppression of the vortex shedding [30], with a later
reappearance of the phenomenon at an altered frequency as the base bleed intensity increases [24]. Vortex shedding suppression at high-subsonic speeds would
largely reduce the aerodynamic losses at the blade trailing edge [17]. Additionally, an adequate modulation of the base bleed mass flow can also have beneficial
effects on the turbine blades heat flux, enhancing the effects of the trailing edge
flow on the downstream turbine stages [31].
An additional interesting phenomenon is the appearance of a flow bifurcation,
linked to the base bleed jet, giving rise to the appearance of a symmetry-breaking
effect at the trailing edge. First reported by Wood [27], it was noticed that the jet is
deflected towards either side of the trailing edge by means of a Coanda effect, this
deflection being very sensitive to disturbances and hence prone to sudden swapping of the jet direction. This phenomena was also identified in supersonic trailing
edges [32, 29]. When flow is ejected at the base region, a global instability leading
to a Pitchfork bifurcation may become dominant for certain blowing intensities,
breaking the symmetry of the jet. The stability analysis of this configuration identified the physical global mode responsible of the non-symmetrical conditions, its
spatial structure, and its relation with the blowing intensity. Wood [27] remarked
that this asymmetry was dependent on the aperture of the base bleed duct, with
only the smallest aperture tested on their experiments showing this phenomenon.
The deflection of the flow in channel sudden expansion geometries is well documented [33, 34, 35, 36], however, to the authors knowledge, only the references
mentioned above include the appearance of a non-symmetrical configuration on
two-dimensional base bleed configurations.
This study aims to fully characterize the transient flow topology around a base
bleed configuration at subsonic speeds, assessing the impact that mass flow injection may have on the base region properties. In particular, we are interested on the
analysis of the different flow topologies that appear as a function of the blowing
ratio. Varying the base bleed mass flow, the downstream region of the body is an-
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alyzed to characterize the different regimes linked with a wake stabilizing effect
or with non-symmetric patterns, either steady or unsteady. Given the variety and
richness of configurations encountered, this paper focuses only in subsonic inflow
conditions. In this work, we consider a two-dimensional body with high aspect
ratio, ended on a blunt trailing edge and with a dedicated injection chamber for
the base bleed. We explore the sensitivity of the downstream flow with respect
to: (i) changes of the base bleed intensity and, (ii) the shape of the trailing edge
tip. We show that the presence or absence of vortex shedding, its pattern and frequency, base pressure and base bleed jet direction are related to the base bleed
ejected mass flow. Additionally, the non-symmetric topologies originated at the
base region are identified and characterized, showing their influence downstream
the model. Finally, the results are compared to those obtained for a smoother geometry to evaluate the impact of the base bleed injection channel shape on the
base region.
2. Details of the numerical procedure
The compressible version of the Reynolds averaged Navier-Stokes equations (RANS)
are used to model the flow. This set of equations can be written in conservative
form as:
∂
∂t

Z
Ω

q dΩ = −

Z

F̄¯ · n dS ,

(1)

∂Ω

where vector q comprises the conservative variables (density, momentum and energy) and turbulent quantities, while Ω is a control volume with boundary ∂Ω and
outer normal n. The specific heat capacities of the gas at constant volume and
pressure are both assumed constant and consequently the adiabatic coefficient of
the gas is set as constant. F̄¯ denotes the flux density tensor, which can be decomposed along the three Cartesian coordinate directions and comprises the inviscid
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(Fc ), viscous (Fv ) and turbulent fluxes, as follows:
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where U = (u, v, w)T is the velocity vector, τ is the viscous shear stress tensor and
φ is the heat flux vector. A calorically perfect gas is assumed, defining pressure
by the state equation
)
(
1 2
(3)
p = (γ − 1)ρ E − U ,
2
where E is the specific total energy per unit mass and γ is the heat capacity ratio.
The addition of turbulence models is done through a linear eddy-viscosity
model, whose contribution to the momentum equations is modeled by an increased
viscosity given by the Boussinesq assumption. In this work, turbulent fluxes are
modeled using the Menter’s Shear Stress Transport version of the k − ω [37]. The
Menter k − ω-SST model is broadly extended in the turbomachinery community
[38, 39, 40] and, in particular, it has been previously used on similar analyses by
the authors [41], being validated against the experimental data of Motallebi [24]
on the effects of base bleed.
The flow domain Ω is discretized using a cell-centered scheme into a finite
number of subdomains Ωi , i = 1 . . . N, where each subdomain contains N f faces.
6

The spatial discretization of system (1) gives rise to a system of ordinary differential equations, that can be written in general form for a subdomain Ωi as:
∂qi
+ Ri = 0,
|Ω|i
∂t

Ri =

Nf
X

F̄¯ j n j ,

i = 1...N

(4)

j=1

where Ri is equivalent to the flux contributions, and qi represents a discretized
vector state solution. Both vectors have dimensions Nv , that depend on the number
of fluid variables considered. For a two-dimensional flow solution using a twoequations turbulence model, Nv = 6, with qi = qi (ρ, ρu, ρw, ρE, ρk, ρω).
Flow calculations are computed using the Finite Volume DLR-TAU Code
(TAU), that has been extensively validated by the aerospace industry in several
applications and complex flows configurations [42, 43]. This solver is a state-ofthe-art aerodynamic software, developed for the prediction of viscous and inviscid
flows on complex geometries from low subsonic to hypersonic flow regimes. TAU
is a three-dimensional solver that employs a finite volume scheme to discretize the
compressible flow Reynolds-Averaged Navier-Stokes (RANS) equations. The inviscid terms are computed either with a central or a second-order upwind scheme,
whereas the viscous terms are computed with a second-order central scheme. For
time-accurate solutions of the unsteady RANS equations (URANS), TAU uses a
dual time-stepping scheme with multigrid acceleration. More details on the implementation of the governing equations in the code can be found in Wang et al.
[44], Schwöppe and Diskin [45] and the Technical Documentation of the DLRTAU code [46].
All the simulations were performed considering the flow to be fully turbulent
from the leading edge. This assumption is consistent with the recommendations
from the high-pressure turbine community: According to the investigations of
Mayle [47] and Dunn [48] in high pressure turbines, the injection of cooling at
the leading edge triggers boundary layer transition and therefore the high pressure
turbine profiles are considered to be fully turbulent. Same consideration for the
turbulence conditions applies to the internal bleed channel walls, as in modern gas
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turbines the flow of internal cooling channels is considered to be fully turbulent
due to the varied sudden changes in cross sections that induce flow separation
and turbulent reattachment [49]. Hence, a Turbulent Intensity of 5% is fixed at
the inlet boundaries during the analyses. A sensitivity analysis varying the inlet
Turbulence intensity from 1% to 10% revealed that such variations will produce


O 10−4 alterations in the associated Strouhal number. Regarding the base bleed
inlet condition, the use of different parameters on the turbulent boundary conditions does not cause significant variations, as the turbulence kinetic energy grows
two orders of magnitude along the contraction of the plenum (Fig. 2. Hence,
small variations of the turbulent quantities of the bleed boundary condition will
have low effect downstream.

Figure 2: Contours of Turbulent Kinetic Energy at the plenum and contraction channel of the base
bleed channel, for a mass flow ratio of Cb = 0.35. Turbulence intensity at the base bleed inlet set
to 5%

The geometry of the model (Fig. 3) consists on a zero-camber airfoil of 160
mm chord (c), with an aspect ratio (c/D, being D the trailing edge thickness) of
8, where a Haack Series [50] nose shape was chosen to adapt the flow without detachment or a strong adverse-pressure gradient. The base bleed injection system
is defined by a plenum area where the cooling flow is injected in subsonic conditions, and a straight channel into which the flow passes through a contraction that
is finally discharged at the base region. The aspect ratio of the contraction is kept
equal to 3, to ensure subsonic conditions at the plenum area, ending on a base
bleed slot of 6 mm height (b = 0.3D) . Upper and lower tips of the trailing edge
remain with a width of 0.35D. The model is defined to be confined between two
parallel walls separated 230 mm. Inlet and outlet boundaries are located 10 chord
distances upstream 20 chord distances downstream, respectively. Total pressure
8

and total temperature are imposed at the inlet, whereas ambient pressure condition is prescribed at the outlet boundary. Adiabatic viscous walls are imposed for
the upper and lower walls, blade model, and internal cavity. Finally, a constant
mass flow condition is used to provide the base bleed flow through the plenum
area (this boundary condition is referred as “reservoir-pressure inflow" on the
DLR-TAU code [46]). For consistency with other authors, we adopt the same
nomenclature used by Motallebi and Nurbury [24], with the mass flow being nondimensionalized as:
Cb = ṁ/ρ∞ U∞ h,

(5)

where ṁ is the imposed mass flow rate, h = 0.9D the height of the cooling flow
plenum chamber, and ρ∞ and U∞ the free stream density and flow speed. We
consider variations of Cb from 0 to 1, to cover the different regimes produced by
the base bleed in subsonic conditions.
To study the influence of the Coanda effect with the geometry shape, two
trailing-edge tip geometries are considered in the analysis. A nearly straight
shape, defined by a super-ellipse with a power of 5, is used as a reference case,
and will be referred as “straight" trailing edge along this paper. This geometry is
similar to the one studied in previous works [29, 32, 51], where a mild-Coanda
effect was observed to appear at the base region. The second trailing edge considered is designed with an ellipsoidal shape, where its curvature was expected to
facilitate a full Coanda effect (with a flow deflection related to the attached flow
following the curvature of just one of the surfaces). This shape will be referred as
“rounded" along this paper. Both trailing geometries are shown on Figure 4.
The spatial discretization is done ensuring an adequate resolution of the shear
layers, base region and wake area, and the base bleed injection channel (Fig. 4(a)). The boundary layer is fully resolved, employing first cell heights below
1 · 10−6 m. and a wall normal growth ratio of 1.12 to ensure y+ values below the
1.0 limit and a complete resolution of the near wall flow. The mesh quality is
ensured by keeping cell angles over 35◦ , an Ericsson Skewness parameter over
0.58, aspect ratio values below 3 · 103 , and avoiding the concentration of nodes
9

Parameter
c
h
b
D

Value [mm]
160
18
6
20

Figure 3: Upper image and Table: main dimensions of the airfoil model. Lower image: location
and numeration of probes where flow is monitored. Base pressure monitoring areas are highlighted
in red, whereas the base bleed angle is extracted from the highlighted blue area.

(b)

(c)

(a)

Figure 4: (a): Spatial discretization used on the numerical analysis. Only a quarter of the total
nodes shown for clarity. (b)-(c): Trailing edge mesh details. “Straight" (super-ellipse) shape and
“rounded" (ellipse) trailing edge shapes.
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in the inlet and outlet boundaries. A total of 36 blocks of quadrilateral elements
are used on the meshing process to adjust the mapped mesh to the airfoil and
boundaries geometries while keeping a smooth transition and distributed cell densities. Finally, special care is put on local refinements near end of the body and the
contraction and expansion areas of the base bleed channel. To achieve grid independence keeping a compromise between accuracy and computational efficiency,
a convergence study is performed. Progressive zonal refinement on critical areas
is implemented starting from a relatively coarse mesh, monitoring the evolution of
the associated Strouhal number and the averaged base pressure for a configuration
without base bleed. Five quad-mapped meshes are evaluated, named from M0 to
M4, eventually keeping mesh M2, a 1.5 · 105 quad elements grid. Details of the
analysis are gathered in Table 1.
Mesh identifier
M0
M1
M2
M3
M4

Number of cells
52260
88016
149930
237778
378814

Strouhal number
0.2845
0.2867
0.2872
0.2872
0.2874

Averaged base pressure [kPa]
92.68
92.34
92.24
92.22
92.21

Table 1: Details of the mesh sensitivity analysis.

Temporal discretization is performed ensuring that each period of the dominant temporal fluctuations is covered with at least 40 timesteps. For each analysis,
the values of flow variables are averaged in a window of at least 300 periods after
the flow reaches a periodic state. Periodic convergence of the flow variables is
ensured by comparing mean values averaged at different periodic intervals. Pressure over time is monitored on 6 specific locations (Fig. 3), with one probing
point located at mid-chord on each side of the model (P1 and P2), and a 4 points
array situated at 8% (P3), 24% (P4, P5 and P6) and 32% (P7) axial chord distances downstream the trailing edge. These control points, together with the lift
forces monitors, are used to identify the dominant frequencies for each specific
configuration. Additionally, 6 probes are placed near the wall at each side of the
11

trailing edge base region to monitor the base pressure (referred hereafter as Pbase )
on the upper and lower half of the model. The probes profile data are extracted
for every time step of the simulation and averaged afterwards during the postprocessing of the simulations. Finally, an array of 6 points located at the end of the
base bleed injection channel is used to retrieve the direction of the ejected flow at
each timestep.
3. Results and discussion
The effects of base bleed in a subsonic periodic wake have been investigated
mainly for bluff bodies or axisymmetric configurations [1], but the analysis of
two-dimensional configurations lacks nevertheless a detailed study. In this section, a thorough analysis on the effects of base bleed on streamlined bodies is
covered.
The body of study is immersed in a subsonic flow with M = 0.34 and Rec =
1.53·106 . The Reynolds number is based on the free-stream velocity and the model
chord c. A total free-stream temperature of 257K and a static temperature for the
base bleed of 250K are imposed. Without bleeding applied, the flow behind the
body is characterized by the classic Von-Karman vortex street, with an associated
Strouhal number (based on the trailing edge thickness, d) of St = f D/U∞ = 0.287.
Vortices shed from the upper and lower sides in an alternate manner, producing
an oscillating behavior of the wake and the base region, depicted in Fig. 5. The
two shapes of the trailing edge tested have little influence on the flow topology
when no bleed flow ejection is applied at the base region, showing differences on
the order of 1 · 10−4 on the non-dimensional frequency of the vortex shedding. On
the other hand, differences when base bleed is active are notable. Figure 6 depicts
a strong dependency of the base pressure and the wake flow Strouhal number on
the base bleed mass flow ratio.
Given the variety of regimes, details on the effects on each configuration are
elaborated in separated sections below.
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Figure 5: Snapshots of the static pressure contours for (a) straight and (b) rounded geometries.
Base bleed not active.

Figure 6: Dependence of the temporal average of the base pressure and the Strouhal number
(St = f D/U∞ ) with the base bleed mass flow (Cb ). Mass flow regimes related with the appearance
of a non-symmetrical configuration are highlighted in blue, whereas those which neutralize the
vortex shedding are highlighted in green. Comparison of results for straight (upper) and rounded
(lower) trailing edge geometries. Pratio = Pbase /PbaseNB .
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3.1. Straight trailing edge
The effect of the base bleed on the flow over the straight trailing edge geometry
can be divided in four different phases, denoted in Figure 6 as phase I to phase
IV. For a better illustration, the parameter Pratio = Pbase /PbaseNB is introduced, that
compares the base bleed base pressure for each case with that corresponding to
the absence of blowing, PbaseNB . The averaged reference value for the straight
trailing edge is PbaseNB = 92.2 kPa. The effect of the trailing edge blowing in
the base flow area is monitored via the temporal averaging of the base pressure of
upper and lower sides of the trailing edge as a function of the base bleed intensity.
To illustrate the different flow configurations, vorticity magnitude contours are
plotted together with the base pressure evolution and the measured velocity angle
at the exit of the base bleed slot in Figure 7. In Figure 9 the power spectral density
of the static pressure at several probing points identifies the main frequency of
oscillation related with the vortex shedding. A non-dimensional frequency of St =
0.28 is recovered in the control points situated on the upper or lower half of the
domain (P1 and P2), with the control points located in the center line providing
this frequency doubled, as they retrieve the passing of the vortices.
Phase I. Cb = 0 corresponds to a non-blowing configuration, where the flow is
dominated by the alternating shedding of vortices from the base region.
Phase II. Cb < 0.38 When flow is ejected with low intensity to the base region,
an initial filling effect is produced and the base pressure increases up to a
maximum base pressure value of Pbase /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 (Figure 7-(b)). For certain
base flow ratios, the two phenomena coexist, resulting on a non-symmetrical
steady flow configuration at the trailing edge. As the mass flow increases,
the base flow recovers a symmetrical state while the base pressure remains
constant (Cb ∼ 0.2). For higher bleed intensities, beginning at Cb = 0.25,
14
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(b)

(c)

(d)

(e)

(f)

(g)

Figure 7: Dependence of the temporal averaging of the base pressure on the base bleed intensity,
monitored at the upper and lower tips of the straight trailing edge geometry. The averaged angle
of the base bleed jet velocity (Vα ) is added to illustrate the presence of a local Coanda effect. Contours of the instantaneous vorticity magnitude are shown for selected cases. Pratio = Pbase /PbaseNB .
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Figure 8: Dependence of the temporal averaging of the base pressure on the base bleed intensity,
monitored at the upper and lower tips of the rounded trailing edge geometry. The averaged angle
of the base bleed jet velocity (Vα ) is added to illustrate the presence of a local Coanda effect. Contours of the instantaneous vorticity magnitude are shown for selected cases. Pratio = Pbase /PbaseNB .
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the base bleed jet is deflected towards either the upper or lower side of the
trailing edge due to mild Coanda effect within the flow recirculation area,
accompanied by a reappearance of the vortex shedding with a frequency
that doubles that present when no base bleed is present. Time averaging of
the base bleed angle, together with the asymmetry on the frequency analysis (plotted in Figure 9), confirm the presence of a stationary asymmetry
which prevails over the oscillations related to the vortex shedding. This
Coanda-driven Pitchfork bifurcation is caused by the destabilization of a
global mode. The frequency associated with the vortex shedding grows
with the base bleed intensity, as reported by other authors [27, 30, 24], almost triplicating the initial associated Strouhal number for pressure ratio
values of Cb = 0.38. This change in frequency is depicted in Figure 9,
where the asymmetry generated by the Coanda effect is also visible on the
contrast of the energy peaks between the upper and lower half of the domain. However, the intensity of the oscillations is weaker than without the
base bleed, with variations of the lift coefficient one order of magnitude below than the natural ones, and smaller vortices traveling in a more narrow
and disordered way (Figure 7-(c)).
Phase III. 0.38 < Cb < 0.8 Phase III is characterized by a rapid base pressure
decay, reaching values close to those without blowing. The vortices recover strength, with their topology showing a more ordered pattern Figure
7-(d). This change in the shedding pattern is accompanied by a reduction of
the dominant wake frequency, that however retains the increasing tendency
linked to the base bleed intensity (Fig. 6). Although the trailing edge flow
presents as symmetric, higher blowing intensities produce the arising of an
asymmetrical configuration, which will be analyzed in detail later in this
Section. From Cb = 0.38 onwards, the spectral analysis of the wake reveals
a dominant frequency related with the shedding of the vortices, with an absence of other relevant frequencies on the spectrum (Fig. 9). However, the
main source of vorticity is no longer produced only by the outer shear lay17
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P2

P3

P4
P5
P6
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P2

P3

P4
P5
P6

P7

Figure 9: Power spectral density of absolute pressure at different control points for the straight
geometry. Groups of four charts show PSD results for configuration without base bleed, Cb = 0.26
and Cb = 0.38.
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ers, but also by the inner shear layers, generated by the base bleed jet. The
vortices separate now from both the outer lips of the trailing edge and from
the corners of the injection channel, as depicted in Figure 7-(e). The possible influence of the turbulence modeling cannot be neglected here, due to
the numerical nature of these analyses. However, the results obtained with
the Menter SST k − ω model are in line with those obtained experimentally
in similar conditions [24]. At Cb = 0.55 an interesting phenomenon occurs:
the vortices do not separate in an alternate manner from the upper and lower
side of the trailing edge. Instead, vortices are shed simultaneously in a symmetrical way from the outer lips. This phenomenon was documented by
Motallebi and Norbury [24] on the study of base bleed on transonic flows,
occurring when the base bleed jet reaches sonic speed. In this scenario,
however, the speed of the ejected flow is still below M = 0.8, and we observe that is related with the change in the main source of vorticity at the
base region, swapping from the outer shear layers of the trailing edge to the
inner shear layers of the injection channel. Incidentally, a slight increase in
the base pressure is observed, as the filling effect of the base bleed flow is
not washed downstream with the alternating, asymmetric shedding of the
vortices present for other Cb values.
Between Cb = 0.58 and Cb = 0.8, special care must be paid to the correct
temporal averaging of the flow properties, as the base bleed jet direction
changes abruptly and randomly, independently of the vortex shedding. This
change in the jet direction must be taken into account, as an inadequate
averaging of the flow properties may read erroneously as an asymmetric
vortex shedding. The shape of the contraction between the plenum chamber
and the base bleed injection channel induces the presence of a symmetric pair of recirculation bubbles in the upper and lower side of the base
bleed slot, right after the contraction. These recirculation regions act as a
convergent-divergent constriction inside the channel, accelerating the flow
to supersonic conditions for Cb > 0.7 (Fig. 10). Whereas in low-speed and
19

laminar conditions it was observed that sudden contractions may lead to a
non-symmetrical disposition of these recirculation regions [52, 53], with the
possibility of triggering oscillations downstream as one recirculation bubble grows at the expense of the other, it has been confirmed that for the flow
conditions imposed here the recirculation areas remain symmetrical for the
range of mass flows considered.
In our analyses, when sonic conditions are reached inside the injection channel, an asymmetrical topology at the base region develop. This phenomenon
was first noticed by Saracoglu et al. [29], who obtained non-symmetrical
results on the time average of pressure values at the base region. They
considered that those asymmetries were caused by the same phenomenon
responsible of the bifurcation present at lower blowing ratios (Phase II in
this analysis). Conversely, we do not observe alterations on the shedding
frequency or the intensity of the oscillations, as it occurs on Phase II. This
phenomenon occurs only for a specific base bleed intensity, compared to the
previous asymmetry where the non-symmetry extends for a wider range of
injected mass flows.
Martinez-Cava et al. [32] related the onset of the asymmetry at low base
bleed intensities with the interaction of the recirculation bubbles of the trailing edge tips with the large recirculation area confined in the base region.
One bubble and the large recirculation area will merge into a larger dear
air zone, inducing a mild Coanda effect that will drive the jet towards the
opposite direction. In this particular scenario, however, such interaction
does not exist. The changes in the jet direction, and the associated pressure
asymmetries, come from the differences in the vorticity intensity at the base
region. One recirculation bubble grows at the expense of the other, altering
the roll up sequence of the vortices and inducing a deflection of the whole
wake towards the upper/lower half of the domain. A comparison of the averaged streamwise velocity evolution along the wake is depicted in Figure
11, where velocity profiles from the trailing edge up to one chord distance
20

Figure 10: Local Mach number contours and flow streamlines at the contraction section of the
base bleed channel, Cb = 0.7.

downstream are plotted for the non-symmetrical configurations of Phase
II and Phase III. The results show that for Phase II the non-symmetrical
effects produced by the jet deflection are rapidly damped, with the wake recovering an almost symmetrical state before reaching a distance of one axial
chord downstream the trailing edge. However, the base region asymmetry
of Phase III is still clearly visible at this distance, a deviation that can also
be appreciated on the vortex pattern of Figure 7-(f).
Phase IV. Cb > 0.8 Finally, at phase IV the intensity of the base bleed forces the
symmetry in the flow, as depicted in Figure 7-(g), weakening any oscillation and increasing the base pressure towards a final plateau of Pbase /P∞ ≈
1.07. Further increments in the ejected mass flow do not produce significant
changes in the flow topology.

3.2. Rounded trailing edge
The more gradual geometry transition between the injection channel and the trailing edge lips present in the rounded shape contributes to smoothen the effects of
the mass flow injection at the base region. The influence of the base bleed in the
base pressure appears to be more subtle for the rounded trailing edge and, in general, the injected flow tends to stabilize the trailing edge flow region (see Figure 6).
The reference base pressure without mass flow ejection is slightly higher than the
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Figure 11: Profiles of averaged streamwise velocity along the wake for two non-symmetrical flow
configurations for the straight trailing edge, Cb = 0.32 (top) and Cb = 0.74 (bottom). Dashed
vertical lines define the zero velocity for each profile. Dotted horizontal line represents the axial
center line. Streamwise coordinates, measured from the trailing edge of the model, have been
non-dimensionalized with the axial chord distance.

one obtained on the straight geometry, with an averaged value of PbaseNB = 96.9
kPa. For a better classification, the flow regimes are divided in four well differentiated phases. The observed non-symmetrical configurations are related to a full
Coanda effect as the jet is driven towards one or the opposite curved walls. Contrary to what it was observed for a straight trailing edge, the shedding frequency
does not rapidly increases after a certain base bleed mass flow ratio. On a rounded
trailing edge, the smoother gradients generated by the curved geometry combined
with the mass flow injection tend to neutralize the unsteady vortex shedding at the
base region. Due to the low pressure gradient between the upper and lower sides
of the airfoil, no significant base pressure asymmetries are found in the analyses,
not even when the base bleed triggers the Coanda effect. Flow asymmetries are
detected by means of monitoring the base bleed jet velocity and flow visualization.
The evolution of the base pressure and the jet angle, together with snapshots of
the vorticity magnitude are plotted in Figure 8. In addition, time-averaged static
pressure scaled by the inlet total pressure is represented in Figure 12 for different
base bleed intensities, where the S parameter represents the arch length along the
rounded trailing edge, and D the trailing edge thickness.
Phase I-II. Cb < 0.3 Below Cb = 0.1, the response to base bleed is similar to that
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Figure 12: Representation of time-averaged static pressure, scaled with the inlet total pressure,
along the arc length of the trailing edge. Dashed red lines correspond with the upper half of the
trailing edge, while solid blue lines are used for the lower half.
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retrieved with the straight trailing edge, as an initial filling effect is produced
and the base pressure increases, with the wake flow remaining unsteady.
Flow solution observations reveal an early onset of a full Coanda effect that
can be observed at the end of the injection channel, also noticeable in the
slight difference of surface static pressure inside the channel at the trailing
edge (Fig. 12). Whereas pressure differences between the upper and lower
lips of the trailing edge are not so notable due to the smooth geometry, monitoring of the flow direction at the end of the base bleed channel shows an
averaged non-zero value due to the Coanda effect, as depicted in Figure 8(c). Mass flow intensities between Cb = 0.1 and Cb = 0.3 stabilize the wake,
preventing the vortex shedding as the base region is filled and the interaction
of the outer shear layers is impeded. As observed for the straight geometry,
the non-symmetrical configuration produced by the Coanda effect first coexist with the detachment of trailing vortices, followed by a neutralization
of the vortex shedding recovering a steady non-symmetrical trailing edge
flow. Further increasing the injection ratio, the strength of the base bleed jet
induces a symmetric jet, with the base pressure values reaching a plateau.
Phase III. 0.3 < Cb < 0.55 Overpassing Cb ≈ 0.3 a low frequency vortex shedding is triggered, with an associated Strouhal number of St = 0.12. The
vortices shed travel a short path downstream, in contrast with the wide oscillations that can be seen in non-blowing configurations (Fig. 8-(e-f)). As
happened in the straight trailing edge, the main source of vorticity ultimately
swaps from the outer to the inner shear layers, but in this case it is accompanied by a reduction of the associated frequency with the base bleed intensity
(Fig. 6). The distance between the vortices is also reduced as the mass flow
increases, up to a point where the flow recovers a steady state.
Phase IV. Cb > 0.55 Finally, the increased bleed mass flow neglects again the
non-steady activity in the body wake, and the flow remains stable and symmetric (Fig. 8-(g)). Further increments in the base bleed intensity slightly
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lower the base pressure, as the flow is pushed downstream away from the
base region, counter-acting the filling effect at the trailing edge.
4. Conclusions
A thorough investigation of the effects of base bleed in subsonic regime has been
conducted here for a two-dimensional geometry, and compared with the same
configurations in the absence of blowing. The impact of the base bleed has been
characterized regarding three physical aspects: the base pressure, that has a direct detrimental effect on the drag force; (ii) the existence of top-bottom flow
symmetry, following from the symmetry of the geometry, or conversely the appearance of asymmetries sustained in time; and (iii) the presence of large-scale
vortex shedding in the wake, together with its dominant frequency and the symmetry/asymmetry properties of the vortex pattern (i.e. sinuous or varicose wake).
The base bleed has been shown to have a profound impact on all theses properties, for a trailing edge geometry with relatively sharp corners. However, the flow
modifications induced by the bleed did not happen to be increasingly positive: as
the bleed intensity increases, the flow first develops an asymmetry due to a strong
Coanda effect, while the vortex shedding is suppressed. Further increasing the
bleed intensity, the ejected jet overcomes the Coanda effect and the flow recovers the top-bottom symmetry, accompanied by a rapid decay of the base pressure.
Then, for relatively large bleed intensities vortex shedding reappears, with a frequency substantially higher than the initial one.
Finally, a second geometry with smoother trailing edge tip has been studied.
It has been observed that the rounded shape reduces the pressure gradients in the
near wake region, and results in a definite improvement on the impact of bleeding, when compared to the initial “straight” geometry: (i) the base pressure is
decreased; (ii) asymmetries arising due to the Coanda effect are prevented for almost all bleed intensities; (iii) the shedding of large scale vortices is reduced or
even suppressed for most of the parameter space, and it occurs at relative lower
frequencies.
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The potential capabilities of trailing edge flow control in turbine blades by
means of base bleed have been shown to be notable, owing the strong impact of
the bleed on the wake flow structure. However, a careful design of the base bleed
ejection channel and mass flow control are concluded to be instrumental in order
to provide a meaningful enhancement of the aerodynamic performance.
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