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ABSTRACT

In this study, effects of incoming boundary layer (BL) profile on secondary flow structures are
investigated by using an untwisted T106 turbine blade with large eddy simulation approach. Four
different inlet boundary conditions are studied; a uniform inlet, a laminar BL profile inlet, turbu-
lent BL profile inlet, and unsteady wake inlet with secondary flow structures. The computational
effort is carried out using open source computational fluid dynamic solver OpenFOAM. Results
indicate that the unsteady wake inlet boundary condition increases the turbulent kinetic energy
activity and pressure losses significantly.

INTRODUCTION

Nowadays, the e�cient use of energy is more signi�cant than production of energy. Therefore, reducing
the fuel consumption and emissions of the released harmful gases of aircraft engines has a great
importance in terms of economically and environmentally in aviation. Reducing the weight of aircraft
and increasing the e�ciency of parts that signi�cantly a�ect the performance of aircraft, such as wing
and engine are some of the important solutions.

Gas turbine engines having huge weight are the most costly parts of an aircraft. Therefore, increasing
the engine e�ciency enables to reducing of fuel consumption, harmful gasses emissions, and size
reduction.

Low pressure turbines (LPT) have a dominant role for whole engine e�ciency because of the fact that
power is produced by turbine. Although there are several ways to improve LPT e�ciency, reducing
the aerodynamic losses is one of the most important ways. Pro�le losses, due to the trailing edge
thickness, and secondary 
ows are some of the most signi�cant aerodynamic losses. Almost 30−50%
of aerodynamic losses are due to the secondary 
ows [Sharma and Butler, 1987]. As a result of
that, this research focuses on secondary 
ows. There are several secondary 
ow structures, however,
suction side and pressure side leg of horseshoe vortices, and passage vortex are the most important
secondary 
ow structures [Stephens, 2009]. These structures have substantial impact on the physics
of an LPT 
ow, such as delaying (or eliminating) 
ow separation, enhancing heat transfer rates across
the passage and so on [Goldstein and Spores, 1988].
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Investigation of an LPT 
ow by means of experiments are costly and they require extremely large exper-
imental setups. Direct numerical simulation (DNS), as far as computational methods are concerned,
gives the most detailed information for the subject yet the computational time and cost requirements
are still too high to a�ord [Gungor et al., 2012], [Karaca and Gungor , 2016]. Because of the 
ow �eld
in LPT is always three-dimensional, viscous, highly unsteady, transitional, and turbulent, Reynolds
averaged Navier-Stokes (RANS) is not capable of providing su�cient detail of the 
ow �eld compared
to large eddy simulation (LES). LES gives su�cient physical insight to improve the understanding of
turbulence by capturing large scale dynamics and modeling small scale structures and is feasible for
such complex 
ow problems in terms of resolution, computational cost, and computational time.

In a previous study [Cay et al., 2016], we investigated the development of secondary 
ow structures
and their in
uence on the suction side separation bubble by using the open-source computational 
uid
dynamics software OpenFOAM. Results show the predictive capability of OpenFOAM for LES LPT
analysis using the k-equation subgrid model [Menon et al. , 1996]. We also studied the e�ect of in
ow
turbulence on secondary 
ow structures. In that study, a uniform inlet pro�le with di�erent levels of
turbulence intensity is introduced at the in
ow. Results on a relatively coarse LES mesh showed that
the inlet characteristics play a signi�cant role on the development of secondary 
ow structures.

The purpose of this study is to investigate the e�ect of realistic inlet conditions on secondary 
ow
structures and losses on a T106 blade.

The paper begins with a brief discussion of the numerical methodology and description of steady and
unsteady inlet boundary conditions. This is followed by a discussion of the results, beginning with
the validation of the LES solver for turbine 
ows without endwall, followed by a grid resolution e�ect
and overall features of the 
ow �eld with endwall simulations. Then e�ects of steady and unsteady
inlet boundary conditions on secondary 
ows and losses are examined. The paper concludes with a
summary of the main results.

NUMERICAL DETAILS

The simulations are performed by using open source computational 
uid dynamics software Open-
FOAM. The solver solves the three-dimensional, unsteady LES equations with a �nite volume method.
The untwisted T106 turbine blade pro�le on linear cascade is used in this study. The pressure implicit
splitting of operators algorithm (PISO) is employed with second order schemes in order to account for
the unsteady turbulence. A constant time step for which the Courant stability is less than one is used.
One eddy equation subgrid model, which is also known as k-equation model, is used for this study
since we saw in a previous study [Cay et al., 2016] that Smagorinsky model [Smagorinsky , 1963] gives
more dissipative results than the k-equation subgrid model.

The speci�cations of the T106 turbine blade are given in table 1. Computational domain and boundary
conditions are shown in �gure 1. No slip boundary condition is applied to blade surface and endwall.
Periodic boundary condition is applied on blade side surfaces in order to include e�ects of adjacent

Chord, c 198 [mm]
Axial chord, Cax 170 [mm]

Blade stagger 30.7 [◦]
Pitch 158 [mm]

Span, s 375 [mm]
Inlet flow angle 37.7 [◦]

Design exit flow angle 63.2 [◦]

Table 1: T106 blade specifications. Figure 1: Geometry, boundary conditions, and mesh struc-
ture
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blades on the 
ow �eld. Half span is used for all simulations with symmetry plane boundary condition.

Reynolds number based on the reference inlet velocity, chord length and kinematic viscosity is 8x104.

Inlet Boundary Conditions

To investigate the e�ect of steady and unsteady inlet boundary conditions on secondary 
ows and
losses four di�erent simulations with endwall are performed. Three of these simulations have steady
inlet boundary condition. First one has a uniform inlet, second one has a laminar boundary layer
(LBL) pro�le inlet with a shape factor of 2.2, and the third one has a turbulent boundary layer (TBL)
pro�le inlet with a shape factor of 1.5. LBL and TBL inlet velocity pro�les are taken from[Cui et al.,
2016]. Only the mean velocity pro�les are imposed in the TBL inlet simulation.

The last simulation is carried out to investigate the unsteady stator-rotor interaction. In order to
mimic this interaction, the inlet velocity pro�le is taken from the wake region (approximately 0.18 Cax

from trailing edge) of the simulation with TBL inlet condition. It is 
ipped and introduced as time
varying in
ow condition with approximately 0.6 Strouhal number (St = c f

Uin
). Here, c is the chord

length, f is the wake passing frequency, and Uin is the inlet velocity. Figure 2 shows the set-up of
this boundary condition and inlet velocity pro�les at several wake passing periods.

Figure 2: Unsteady wake inlet pro�le.

For all simulations turbulent statistics are accumulated for ten 
ow through times (FTT) after an
initial transient of �ve FTT.

RESULTS

Code Validation

In order to show the capabilities of the LES solver, we �rst performed an analysis without endwall
along the T106 blade. This simulation has a uniform in
ow condition and approximately 3 million
structured grid points. Also it has 45◦ in
ow angle for validation. We compared our LES results
with an experimental and incompressible DNS data of [Wissink, 2006] and compressible DNS data of
[Sandberg et al., 2012] as shown in Fig. 3.

The mean pressure distribution along the suction and pressure sides of the blade shows excellent
agreement with the experimental data, and fairly good agreement with DNS data.
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Figure 3: Mean pressure coe�cient. Simulation is performed without endwall.

Grid Resolution Effect

The sensitivity of the results to the grid resolution is investigated in this section. We performed three
di�erent simulations; coarse grid with 3 million grid points, medium grid with 15 million points, and
�ne grid with 30 million points to identify the most appropriate grid for the LES of T106 turbine blade
with an endwall. For these studies the TBL inlet pro�le boundary condition is used.

The coarse grid provided the accuracy of the simulation inputs by the validation of pressure coe�cient
distribution and also the determination of a suitable LES model. However, coarse grid simulation does
not have su�ciently small grid size to resolve the relevant scales of the 
ow, while two other grids are
found to be �ne enough for an LES study. Therefore, �ne and medium grids have taken into account
for the investigation of secondary 
ow structures.

The pro�ciency in �ne and medium grid resolutions are examined by studying the spectra of the
resolved turbulent kinetic energy (TKE) at a probe located in wake region at 0.5 Cax from the trailing
edge and 0.1 z/s from the endwall. Although this location is a bit far away from the endwall and
blade surface, both grids provide Kolmogorov's −5/3 law for at least one order as shown in Fig. 4 (a).
The energy level of large eddies in the simulation with 15 million grid points is greater than �ne case
with 30 million grid points. As the resolution increases more and more �ne structures are resolved.

Figures 4 (b) and (c) show the instantaneous second invariant of velocity gradient tensor [Hunt et al.,

(a) (b) (c)

Figure 4: (a) Energy density spectrum for simulations with 15 and 30 million grid points. Instanta-
neous second invariant of the velocity gradient tensor colored by spanwise velocity, (b) 15 million grid
points, (c) 30 million grid points.
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1988] coloured by the spanwise velocity for �ne and medium grid simulations. As seen from the �gure,
�ne grid case shows more intense, small-scale vortical structures near the end-wall and downstream of
the separation bubble. However, the case having 15 million grid points is also �ne enough to capture
the relevant secondary 
ow structures: passage vortex, horseshoe vortices, corner vortices, counter
vortex, and cross
ows structures. Hence this grid is chosen for rest of the simulations presented in
this study.

Overall Features of the Flow Field with Endwall

The general features of the endwall vortical structures from mean 
ow �eld for the TBL inlet case
are visualised using the second invariant of velocity gradient tensor and shown in �gure 5 (a). One of
the most predominant vortical structure is the horseshoe vortex. When the incoming 
ow �eld with
boundary layer encounters with LPT blade, saddle point occurs as shown in �gure 5 (b) before arriving
at the leading edge. The 
ow �eld is divided into two legs that start to rotate after the saddle point.
These rotating 
ows, also known as horseshoe vortices, are amongst the most important reasons for
the formation of losses and other secondary 
ow structures. The pressure side leg of the horseshoe
vortex separates at the saddle point, rolls toward the suction side surface of neighboring blade. Then
it becomes the passage vortex. Corner vortices are also observed near the intersection of the suction
side of the blade and endwall. The cross
ow as a result of the transverse pressure gradient from the
neighbouring blade rolls around the corner vortices as shown in �gures 5 (a) and (b).

Figure 5 (c) shows the streamlines of the mean 
ow �eld on the suction side surface of the blade for
the TBL in
ow case. Separation line shows the boundary between the laminar 
ow and the separated

ow over the blade suction side. It is apparent that there is no separation near the endwall due to the
presence of passage vortex. The traces of passage vortex and corner vortex on the blade surface are
also apparent in �gure 5(c).

(a) (b) (c)

Figure 5: (a) Second invariant of the velocity gradient tensor iso-surfaces and streamlines computed
from the mean 
ow �eld for TBL inlet case, (b) Streamlines of the mean 
ow �eld on the endwall
along with the instantaneous second invariant of the velocity gradient tensor isosurfaces colored by
spanwise velocity, (c) Streamlines of the mean 
ow �eld on the blade suction surface.

Figure 6 presents the mean pressure coe�cient for the LES studies with TBL inlet condition in
comparison to experimental and DNS data [Koschichow et al., 2014]. DNS and experimental data
were taken at midspan region. Distribution of LES pressure coe�cient along the blade surface is
presented at �ve spanwise slices. Locations of these slices in spanwise direction range from near
endwall to midspan.

It is apparent from �gure 6 that there are di�erences in pressure coe�cient between near endwall and
midspan on the leading edge side of the suction surface due to the horseshoe vortex. Horseshoe vortex
and leading edge corner vortex cause pressure loss on the leading edge side. The yellow line in �gure 6
shows nearly starting point of passage vortex. So passage vortex starts approximately x/Cx ≈ 0.3
near the endwall region. The e�ects of passage vortex, counter vortex, corner vortex, and cross 
ows
on pressure distribution are apparent at z/s = 1% and z/s = 2.5% near endwall region.
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Figure 6: Mean pressure coe�cient and locations of slices in spanwise direction.

Effect of Inflow Condition

Figures 7 (a-d) illustrate contour plots of turbulent kinetic energy (TKE) in y-z planes according to
four di�erent inlet conditions at axial locations of x/Cx = 0.50, 0.75, 1.00, and 1.30. The passage
vortex and boundary layer separation on the suction side of the blade are the main source of turbulent

uctuations. At the downstream of the trailing edge, the vortical structures become complicated due
to interaction between passage vortex, separation vortices, and wake vortices. As shown in the �gure,
most of the endwall region and blade suction surface involve high turbulent 
uctuations. High levels
of TKE in passage vortex are consistently observed throughout the blade passage for all simulations.

(a) (b)

(c) (d)

Figure 7: Contour plots of mean turbulent kinetic energy in y-z planes at x/Cx = 0.50, 0.75, 1.00,
and 1.30. (a) Uniform inlet, (b) LBL inlet, (c) TBL inlet, (d) Unsteady wake inlet with secondary

ow.
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Figure 8: Area weighted average of mean TKE distribution along the streamwise direction.

For the TBL and unsteady wake cases, there is also strong turbulence activity near the endwall due
to the cross
ow structures from the neighbouring blade. Secondary 
ows in uniform inlet has smaller
structures and lesser TKE in comparison with other inlet conditions. However, this inlet condition is
far from realistic turbine inlet condition. The passage vortex in unsteady inlet condition has stronger
TKE (see at axial location of x/Cx = 0.75) due to wake passing. The secondary 
ows with higher
TKE cause more pressure loss. As a result, secondary losses of the simulation with unsteady realistic
inlet condition are higher than other inlet conditions.

Figure 8 shows the area weighed average of mean TKE distribution along the streamwise direction for
four di�erent inlet conditions. In all steady simulations, the turbulence levels are approximately zero
at the leading edge of the blade. While for the unsteady case, there is signi�cant turbulent activity
due to the wake passing. For all cases, TKE level increases signi�cantly after x/Cx = 0.75 as a result
of the separated region and secondary 
ows near endwall. TKE levels are higher in the simulation
with the unsteady wake inlet in comparison with the other inlet boundary conditions. Leading to the
fact that more energy is transferred from the mean 
ow to the turbulent structures. Hence, it can be
said that the pressure and energy losses are more with the unsteady wake inlet. These results indicate
that inlet condition appears to be quite important for secondary 
ows and losses.

In order to investigate the unsteady feature of the wake simulation, the temporal variation of the
spanwise velocity along one wake-passing period is studied. Figure 9 (a-c) and (e-g) show spanwise
velocity distribution for z/s = 1% and 2.5% planes, respectively. z/s = 1% plane is a signi�cant
plane to investigate the e�ects of unsteady wake inlet boundary condition on the horseshoe vortex,
starting point of the passage vortex on the suction side, corner vortices, and cross
ows during a wake
passing period. Figure indicates that these structures are strongly in
uenced by the wake-passing. The
strength and location of the endwall structures constantly vary with time, contrary to Uniform, LBL,
and TBL inlet conditions. This situation increases the unsteady activity and creates more complex 
ow
�eld. Thus, even if the realistic inlet condition reduces and shrinks the separation area on the blade,
the total loss increases because of the secondary 
ows. Furthermore, z/s = 2.5% plane indicates that
the size of the passage vortex is highly variable during a wake passing period. These observations
can be also seen from �gures 9 (d) and (h) that show the spanwise velocity distribution along one
wake passing period for z/s = 1% and z/s = 2.5% slices of the suction surface, respectively. The
starting point and the strength of the passage vortex varies during the wake passing. In conclusion,
these results clearly indicate that it is necessary to examine the velocity distributions in such planes
for an e�ective design to reduce the secondary losses.
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t = 0.1T t = 0.4T t = 0.7T

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 9: Spanwise velocity distribution at (a-c) z/s = 1% and (e-g) z/s = 2.5% planes for unsteady
wake inlet with secondary 
ows along 1 wake passing. (d) and (h) are spanwise velocity distribution
along one wake passing for z/s = 1% and z/s = 2.5% slices of the suction surface.

CONCLUSION

In this work e�ects of in
ow boundary conditions on secondary 
ows are studied by means of LES using
OpenFOAM. Results indicate that the application of realistic unsteady wake inlet boundary condition
signi�cantly increases the TKE activity and pressure losses. Besides, the strength of passage vortex
increases due to increasing cross 
ow motions. Results demonstrate the need to consider realistic
in
ow conditions in turbine blade analysis and design.
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