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ABSTRACT
For reasons of mechanical integrity and cooling structure,
turbine blades usually have a relatively thick trailing edge, for
such cases, unsteady wake flow characteristics should be
given more attention. Vortex shedding from a blunt trailing
edge is known as Von Karman vortex streets, which has a
significant effect on the trailing edge pressure distribution and
aerodynamic performance.
In this paper, an Unsteady RANS numerical simulation is
performed to study wake flows of a turbine blade at a high
subsonic exit Mach number, 𝑀2,𝑖𝑠 = 0.79 , and high Re
number, Re = 2.8 × 106 ,based on chord length and outlet
velocity. For the convenience of numerical validation, a VKI
laboratory blade (Sieverding [1, 2]) is used here as a prototype
and mainly used for validation, furthermore, some
modifications are made to study the influence of trailing
geometric structure on the formation of wake vortex.
It is found that a slight change in the trailing suction
profile would have a big influence on the formation of wake
vortex streets, which is probably caused by the change of
boundary layer state near the trailing edge. A boundary layer
with a fuller velocity profile tends to destabilize the wake
flow, promoting the generation of wake vortex and enhancing
the unsteady effect. It meant that the vortex formation and its
strength could be controlled by making a slight modification
on the trailing edge profile, and the mixing loss in the wake
can be reduced due to a weaker unsteady effect.
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INTRODUCTION
In modern aero engines, turbines are always designed
with high inlet gas temperature for power output and
efficiency consideration, thus it’s necessary to adopt a thick
trailing edge for heat transfer and lifetime reasons. Vortex
shedding from a blunt trailing edge is known as Von Karman
vortex street and often increase blade profile loss
Various causes and effects of wake vortex have been
investigated. Sieverding [3] showed that a change from
laminar to turbulent boundary layer reduces the Strouhal
number drastically. Carscallen et al [4] studied the energy
separation effect in the shed vortex street. The effect results in
hot spots in the edge of the wake and cold spots in the centre
line, and is known as Eckert Weise effect [5]. It had been well
studied in context of vortex shedding from circular cylinders.
Carscallen [6] also suggested that there was a connection
between high wake losses and the redistribution of energy in
the wake. Furthermore, different vortex pattern might occur in
a turbine with high exit Mach number, Gostelow et al [7]
indicated that this phenomenon might be related to the
unsteady interaction between vortex and wake shock, but the
detailed mechanism has not been well understood. A recent
experiment by Vagnoli et al [8] showed that the trailing edge
base pressure would change from uniform distribution at a
moderate subsonic range to highly non uniform distribution at
a transonic range, and then followed by a sudden return to
uniform distribution with the increase of exit Mach number.
This phenomenon is in contrast with the traditional accepted
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assumption that a dead air region existed in the isobaric base
region.
A large amount of researches have been made on the
vortex shedding and wakes behind cylinder. The experimental
evidence showed that the Von Karman vortex street is the
result of a self-excited oscillation of the wake(Provansal [9]),
this resonance phenomenon is described by the concepts of
linear convective/absolute instabilities, detailed information
about this concept can be found in an excellent review
article(Huerre and Monkewitz [10]). According to the linear
instability analysis(Monkewitz [11]), a region of local
absolute instability has to reach a finite critical size before the
onset of Von Karman vortex street, the concept of absolute
instability in wakes is quite controversial because there are no
directly experimental results can be used to prove the
existence of an local absolutely unstable region in the near
wake, but it’s existence has been demonstrated by a numerical
simulation(Oertel [12]), the knowledge about this absolutely
unstable regions offers the possibility of effective wake
control, the development of the von Karman vortex street can
be suppressed by avoiding the absolutely unstable wake
region. Despite the success of applying the stability theory
applied in simple open shear flows by previous studies, it’s
hard to apply it in the area of turbomachinery for the following
reasons: First, the instability theory are constructed based on
low Reynolds laminar incompressible flow, while in
turbomachinery, the high Reynolds turbulent compressible
flows are usually considered. Second, only open flows were
studied in the previous researches, while in turbomachinery
the flows are constrained.
In the present study, we make some modifications on the
original VKI blade. The influence of TE edge shape such as
elliptical and TE thickness can be found in the author’s master
thesis research and won’t be presented here. Here we focus
our attention on the impact of changing degree of convexity of
the blade. Numerical simulations are performed to study the
influence of trailing edge boundary layer state on the
formation of wake vortex street. And propose a new way that
can be benificail to the suppression of wake vortex street.

Pitch to chord ratio

0.696

Blade height

100mm

Aspect ratio

0.714

Trailing edge thickness

7.43mm

Trailing edge wedge angle

7.5

Inlet angle

0

Stagger angle

49.83

Gauging angle

70.9

The leading flow structure around the trailing edge is shown
in Fig.1 and describe as flows: (1) Von Karman vortex street
shedding caused by blade boundary layer separation. (2)
Pressure wave emitted from the unsteady boundary layer
separation point, (3) The pressure side wave traveling
upstream and interact with the lower blade suction surface. (4)
Skin vortices is created form this interaction and then travels
downstream along the suction blade wall. It should be noted
that the suction side wave also interacts with the wake flow,
but is not presented in the figure.

Figure 1: Flow topology near the trailing
edge(Leonard [13])
Based on the coordinates of the original VKI blade given by
Cacitilli [20], the parameterized blade can be obtained from
Pritchard’s
eleven
parameter
method[21],
the
parameterization process was accomplished with the help of
an in-house blade design software(See Fig. 2).

TARGET CASE
In this study, the experiment work of Sieverding [1, 2] is
used for numerical simulation. Which is part of the European
Research Project BRITE/EURAM CT96-0143 on
“Turbulence Modelling of Unsteady Flows in Axial
Turbines”, the VKI blade characteristics are listed in Table 1.
The blade was tested at high subsonic Mach number (𝑀2,𝑖𝑠 =
0.79) and high Re number(Re = 2.8 × 106 , based on blade
chord and outlet condition). The experiment aims at providing
a greater understanding of unsteady flow phenomena in the
turbine cascade, especially the unsteadiness corresponding to
the existence of large coherent structures in the turbine blade.
Detailed measurements were made, and can be used for the
validation of unsteady CFD code.
Table 1: VKI blade characteristics
Chord length
140mm
Axial Chord length
91.84mm

Figure 2: Comparison between original blade
profile coordinates and the parameterized blade
profile (dashed line: original blade coordinates;
Solid line: parameterized blade)
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With the blade design software, some modifications on the
rear part of the blade suction surface were made to study the
influence of trailing geometric structure on the formation of
wake vortex. Fig.3 present the modified blade profiles. The
main differences between the original blade and the modified
blade are listed in Table 2, the other blade characteristics were
remain unchanged. It should be noted that the back surface
deflection (   12.44 ) and the trailing edge wedge angle
(   7.5 ) were also remain unchanged.

of 100,000 is selected to ensure a fine mesh in the wake region,
the y-plus numbers of the first internal cell in the region of 0.41.0, which guaranteeing a good behavior of k-omega model in
the boundary layer.
Y

Y

Z

Z
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X

(a)
(b)
Figure 4: Computational grid,(a) grid topology,
(b) detailed information near trailing edge
SOLVER SETTINGS
In turbomachinery applications, the non-reflecting inlet
and outlet boundary conditions are often needed. The
specification of the total temperature, total pressure, and
inflow directions is commonly used for the inlet boundary. As
for the outlet, only the static pressure should be prescribed. In
this case, the outlet static pressure can be calculated from the
isentropic exit Mach number,

P2  P01[1 

Figure 3: Modified blade profiles

T0,T1,T2,T3

Trailing edge thickness (mm)

7.43

2.5

Axial chord length (mm)
Trailing edge thickness to
Throat (d/o)

91.84

87.27

23.4%

7.9%

2

Ma2,2 is ] /( 1)
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According to experiments, the 𝑀2,𝑖𝑠 is 0.79, the corresponding
outlet pressure should be set to 92,755Pa. The side boundaries
are set to be periodic, Blade surface is assumed to be adiabatic.
A summary of the boundary condition is given in Table 3.
Table 3: boundary condition descriptions
Boundary
Flow quantity imposed
Value
condition

Table 2: Main blade parameter differences between
the original blade of the modified blade
CT-96

 1

Inlet

METHODOLOGY
NUMERICAL SOLVER
Calculations were carried out mainly using an In-house
3D Navier-Stokes solver code, named 3D-Fluid, which has not
been used in any published paper, is described in the
following. The unsteady Favre-averaged three-dimensional
compressible Navier-Stokes equations in body-fitted
coordinate system was solved in conservative form. Both
FDM(Finite Difference Method) and FVM(Finite Volume
Method) can be used in 3D-Fluid to discretize the equation.
Various Upwind scheme are used for convective flux while
second central differencing is used for viscous terms. Time
advancement can be explicit, like Runge Kutta method, or be
implicit, like LU-SGS. Dual time stepping is used to model
unsteady flows. Multigrid method and residual smoothing
method are available for acceleration, many turbulence
models are implemented in 3D-Fluid, including the BaldwinLomax model, the new Wilcox k − ω model [16].
GRID STRUCTURE
A 2D computational mesh is show in Fig 3,The inlet flow
boundaries is located 0.7Ca upstream the leading edge and the
outlet is located 2.0Ca downstream the trailing edge. The
computation domain is divided into 9 blocks, a total mesh cells

Outlet

Total temperature

280K

Total pressure

140,000Pa

Inlet flow angle

0°

Turbulent Intensity

1%

Turbulent length scale

1.5mm

Static pressure

92,755Pa

Blade
No-slip adiabatic wall
/
Side
Translation periodicity
/
boundary
In the author’s another unpublished research, the effects
of various numerical issues were examined. Upwind scheme
is used to discrete convective and pressure terms. The
conservative variables is reconstructed by a seventh-order
WENO scheme (Jiang [14]). The interface inviscid flux is
calculated by Steger-Warming splitting method (Steger [15]).
Fixed time step (Δt = 2 × 10−7 ) is used during time marching
on the dual time approach, the solution in pseudo time is
obtained by an implicit LU-SGS scheme accelerated by local
time stepping, the CFL number is set to 0.5 and the relaxation
number is set to 1.5. New k − ω model with modifications
proposed by Wilcox [16] is used here, two key modifications
were incorporated in this new k − ω mode: A cross diffusion
term used as a remedy for the original model’s sensitivity to
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the freestream value of ω. A built in stress-limiter is used to
limit the magnitude of the eddy viscosity when turbulence
kinetic energy production exceeds dissipation, detailed
information about this model can be found in reference [16,
17].
Since the incoming flow in the experiment was at an
extremely low background turbulence level and at an
extremely high Reynolds number, thus transition was
inevitably triggered in the experiment. But due to the very
high Reynolds number, every turbulence model goes into
turbulent mode. Thus the transition trigger is not very relevant,
neither are the inflow conditions for the turbulence.
VALIDATION
Before starting the investigation on boundary layer state
influence influences, the experiment data for CT-96 is used to
validate the code’s ability to model the complex wake flow
characteristic in the turbine cascade.
Fig.5 shows the distribution of mean isentropic Mach
number along blade profile, the computational results are in
general good agreement with the experimental data except for
the section near the leading edge, which might be caused by
the slight difference of inlet angle between the present
computations and experiment.

Figure 6: Pressure distribution around trailing
edge
Fig.7 compared the calculated boundary layer shapes with
experimental data. The boundary layer profiles are measured
at one diameter upstream of the trailing edge circle on pressure
and suction sides. The overall agreement between uRANS and
experiments is rather good. The turbulent boundary layer
thickness is a bit overestimated.

(a) Pressure side
(b) Suction side
Figure 7: Boundary layer velocity profile at
trailing edge
The accuracy of the computed shedding frequency is an
important aspect of the unsteady validation of the numerical
method, according to Sieverding [2], the vortex shedding
frequency is about 7.6kHz, the result of current CFD is about
8.0kHz, showing a good agreement with the experimental
result.
The overall agreement of the numerical simulations with
the measurements is quite satisfying, this reflects the
reliability of the current implemented CFD code.

Figure 5: Blade surface isentropic Mach number
distribution
The time averaged pressure distributions near the wake region
are given in Fig.6, the measurements showed a highly nonuniform pressure distribution on the trailing edge, which is
closely related to unsteady wake vortex shedding process.
Comparing with measurements, the global trend predicted by
numerical simulation are pretty good, but current CFD results
largely underestimated the central pressure, this should be
caused by the inability of RANS based unsteady calculation to
model the unsteady wake characteristics accurately.

RESULTS AND DISCUSSION
VORTEX SHEDDING NEAR THE WAKE REGION
The contours of density gradient are shown in Fig.8, it can
be seen that M0 and M1 show a very different picture
compared with the other two cases. For case M0, the wake
shear layer is very steady and there are no unsteady flow
phenomenon can be observed. For case M1, the wake shear
layer begin to become unstable at about 7.5d downstream of
the trailing edge, but the vortex shedding process still can’t be
observed in this case. For case M2 and M3, it is easy to note
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THE INFLUENCE OF CONVEX SURFACE ON TIME
AVERAGED PRESSURE DISTRIBUTION AND
BOUNDARY LAYER CHARACTERISTICS
Fig.10 shows time-averaged isentropic Mach number along
the blade surface and Fig.11 shows the boundary layer
velocity profiles near the trailing edge. It can be seen that for
all cases the pressure side boundary layer velocity profiles are
almost the same, but significant difference exist among the
suction boundary layer velocity shape, which is caused by the
change of flow properties in the rear part of the suction
surface. For blade with a more convex suction surface, the
fluid in the rear suction tends to suffer a bigger pressure
gradient, thus causing a thicker boundary layer velocity profile
with a bigger shape factor. The detailed boundary layer profile
characteristics can be found in Table 4.

that the roll-up of the shear layers into vortices at about 2.5d
downstream of the trailing edge, and no significant differences
can be identified between case M2 and case M3.

(a)

(b)

(c)
(d)
Figure 8: Countour of instant density gradient for
all cases (a) M0, (b) M1, (c) M2, (d) M3
The detailed flow topology in the near wake region can be
viewed in Fig.9, the wake behind trailing edge become
unstable in case M1, but the pair of attached vortices do not
change a lot, the attached eddies begin to oscillate for case M2
and M3.

(a)

Figure 10: Comparison of blade surface
isentropic Mach number distribution

(b)
(a) Pressure side
(b) Suction side
Figure 11: Comparison of boundary layer velocity
profile at trailing edge
Table 4: Boundary layer profile characteristics (P:
pressure side, S: suction side)
P

(c)
(d)
Figure 9: Countour of instant spanwise vorticity
distribution in the near wake region for all cases
(a) M0, (b) M1, (c) M2, (d) M3

𝛿∗
θ
𝛿𝑒
H
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0.13
0.08
0.14
1.56

M0
S
0.64
0.34
0.57
1.88

P
0.13
0.08
0.14
1.56

M1
S
0.58
0.33
0.56
1.79

P
0.12
0.08
0.14
1.56

M2
S
0.51
0.29
0.51
1.72

P
0.12
0.08
0.14
1.57

M3
S
0.46
0.27
0.48
1.69

WAKE VELOCITY PROFILES
The mean streamwise velocity profiles at different
positions along the wake centre line are presented in Fig.12.
Despite the existence of vortex shedding process that can be
found in the case M2 and case M3, the wake velocity profiles
have similar value in depth in the near wake region for all four
cases. But with increasing distance from the trailing edge, the
cases with vortex shedding tends to have a faster wake decay
rate. In Fig.8 and Fig.9, we can find that for case M2 and M3,
the vortex is formed at a distance about 2.5d from the trailing
edge centre, and the wake mixing process are strengthed in the
wake formation region where unsteady fluctuations are
significant in there. It’s easy to note that the wake velocity
profiles are asymmetric about the wake centre line, making it
difficult to implement a stability analysis which are proposed
by Monkewitz [11].

Table 5: Blade profile loss analysis
M0
M1
M2
M3
2.55%
2.37%
2.54%
3.25%
ξ
1.90%
1.93%
1.84%
1.80%
𝜉𝑏𝑙
0.65%
0.56%
0.7%
1.45%
𝜉𝑚
Compare the case M2 with M0 and M1, it seems that the
existence of vortex shedding has little effect on the blade
profiles losses. Fig.13 presents the total temperature traverses
through wake region at different downstream postitons, owing
to the existence of vortex street, the total temperature in the
centre of the wake tends to have a lower value, Carscallen [6]
related the high wake losses with the redistribution of energy
in the wake for a transonic turbine. In this study, the
qualitative influence of vortex shedding on the redistribution
of energy in the wake can be easily observed, the difference
between wake centre total temperature and the inlet total
temperature for case M2 and M3 is twice as large as the value
for case M0 and M1. But at the onset condition when the
vortex begin to form, the vortex strength is too weak to have a
remarkable influence on the wake mixing loss.

Figure 12: Normalized mean stream wise velocity
profiles at different traverse plane across the
wake in the wake region

Figure 13: Normalized mean total temperature at
different traverse plane across the wake in the
wake region

LOSS ANALYSIS
Table 5 summarizes the blade profile losses for all four
cases, the kinetic energy loss coefficient is used to measure the
loss:

  1-

1- ( p2 / p02 )

 -1

 -1


CONCLUSIONS
In this study, we made some modifications on a VKI
laboratory blade, some numerical studies based on an inhouse
code were performed to study the flow characteristics of the
modified blades. The main finding of this paper is that unlike
flow past a circular cylinder, the onset condition of vortex
shedding can not be simply judged by Re and Mach number,
detail information about the flow field must be taken into
consideration to predict the occurrence of the vortex street,
especially the boundary layer state near the trailing edge
separation point.
Keeping the pressure side boundary layer state
unchanged, it seems that for suction boundary layer with a
smaller shape factor, in another word, with a fuller velocity
profile, tends to have a more unstate nature in the wake shear
flows. Thus the adopting of a convex curve in the rear part of
the blade suction surface, facilitating the formation of thicker
and less full boundary layer velocity profile near the trailing
edge separation point, may help to inhibit the formation of
wake vortex. This idea neads to be further validated in the
following study. A deeper research of stability of the turbine

(2)

1- ( p2 / p01 )
The outlet parameters are measured at 0.6Ca downstream of
the trailing edge. The overall loss is decomposed into two
parts: boundary layer loss and mixing loss, the boundary layer
loss can be related to the kinetic energy dissipated in the
boundary layer, and it can be calculated as follows(Mee et al
[19]):

bl 

0.5eue3 e
  1 2 1
mC pT01[1  (1 
Ma2,is ) ]
2

(3)

Then the mixing loss component can be estimated using the
relation:
m    bl
(4)
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wake profiles is under way to get a quantitative description of
this phenomenon.
Although in the current study, the suppression of the
vortex formation did not bring a significant gain in blade
profile efficiency, it doesn’t mean that it’s worthless to control
the formation of the vortex, the vortex strength is closely
associated with blade trailing edge thickness, Re number ,
Mach number and blade profile. For turbines with relative
thick trailing edge, the mixing loss will be largely influenced
by the unsteady wake vortex shedding process, it will be very
helpful if the strength of the vortex can be reduced by a
carefull design of the blade profiles. Whether the main finding
of this paper can be beneficial to the design of turbine blade,
needs further research.
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=
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(1 
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eue3 e
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