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Abstract

Design of transonic high-load turbine is the essential approach to improve
thrust-to-weight ratio of gas turbine engines. The shock wave and boundary
layer interaction (SWBLI) in high-load turbine is one of the important
unsteady sources and the main source of loss in turbine stages. In order to
study mechanism of SWBLI in high-load turbine, rotor blades with loading
coefficients range from 1.6 to 2 were designed and Delayed Detached Eddy
Simulations (DDES) were carried out. The influences of loading coefficient,
exit isentropic Mach number and incidence angle on characteristics of shock
wave, SWBLI as well as flow details in the blade passages were compared.
Results indicated the shock wave was generated and enhanced as exit isen-
tropic Mach numbers increased leading to the increase of 2.8% in the total
pressure loss coefficient. There was not significant difference in the total
pressure loss coefficient as loading coefficient increased, however the shock
wave was stronger and the separation bubble was longer at the loading
coefficient of 1.6. Meanwhile, the influence of strong separation near the
leading edge of suction surface induced by variation of incidence angles on
the characteristics of the shock wave and the loss was also obvious.

Introduction

Gas turbine engines are one of the most dominant aero power units
today. With the development of acro engines, the design requirements
for thrust-to-weight ratio keep increasing (Badran, 1999). In order to
increase the thrust-to-weight ratio, the turbines continue to develop
towards high-load, transonic and large expansion ratio, which inevitably
results in higher exit Mach number, the formation of strong shock wave,
and the SWBLI (Lo et al., 2017). These unsteady phenomena reduce
the efficiency of turbine and increase risk of fatigue and thermal failure.
Therefore, it is necessary to study the interaction mechanism and regula-
tion mechanism between shock wave and boundary layer in transonic
high-load turbine.

The SWBLI was widely distributed in outer and inner flows of super-
sonic aircrafts. The thickness of boundary layer was increased and the
separation of boundary layer could happen by the SWBLI resulting in
the increase of flow loss and decrease of stability. Mechanism of SWBLI
was investigated by experiment, numerical simulation and theoretical
analysis since SWBLI was first discovered in 1930s and more details
were found with the development of numerical simulation method.
Some reviews (Dolling, 2001; Babinsky and Harvey, 2011; Gaitonde,
2015) summarized the current state of knowledge about SWBLI. In
order to decrease the influence of SWBLI on performance of supersonic
aircrafts, control methods of SWBLI were concerned and investigated.
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Depending on whether the control device is adjustable, the control methods for SWBLI could be divided into
passive control and active control, including vortex generators (Titchener and Babinsky, 2013), bump (Zhang
et al., 2019), boundary layer bleed (Bagheri et al., 2021), plasma actuation (Yang et al., 2022) and other control
methods. These control methods were proven effective in specific situations.

For turbine, the SWBLI was also investigated because it was common in high-load turbine as a result of the
high Mach number and the formation of the shock waves. The SWBLI over the neighbouring vane and the
downstream row resulted in significant efficiency reduction and high cycle fatigue (Paniagua et al., 2008). Bian
et al. (2020) studied the interaction mechanisms of shock wave with the boundary layer and wake in the high-
load nozzle guide vane by hybrid RANS/LES. The results showed that strong shock waves induced boundary
layer separation, while the presence of the separation bubble could in turn lead to a Mach reflection phenom-
enon. Sonoda et al. (2006, 2009) systematically studied the influence of local geometric optimization on turbine
flow losses. The results found that local geometric optimization of the suction surface profile of the guide vane
could change the flow condition of the boundary layer, control the effect of SWBLI by changing one strong
reflection shock wave into two weak reflection shock waves. Based on the same idea, Lei et al. (2017) and Zhao
et al. (2019) controlled flow condition of boundary layer and changed the features of SWBLI by grooved vane.
There were some studies on the mechanism and control method of SWBLI in high-load turbine but the mech-
anism of SWBLI in high-load turbine need further studies because of the unsteadiness of SWBLI in order to
prepare for study on control method of SWBLI to increase the efficiency and the stability.

In the present work, rotor blades with loading coefficients range from 1.6 to 2 were designed and the simula-
tions of cascade were carried out by DDES to observe the influence of the loading coefficient, the exit isentropic
Mach number and the incidence angle on the structure of shock wave and SWBLI.

Methodology

Investigated model

The design of rotor blade was based on the rotor blade of TTM-Stage (Erhard, 2000). Significant changes to the
rotor blade of TTM-Stage were performed in order to achieve the high loading coefficient. The key geometry
parameters of the blade in the cascade with the loading coefficient of 2.0 are listed in Table 1. The other blades

with smaller loading coefficients were obtained by modifying turning angle based on the blade with the loading
coefficient of 2.0.

Numerical method

For DDES, the SA-DDES model was employed to deal with the turbulent flow in time-dependent
Navier-Stokes equations using the solver embedded into NUMECA software package. The DDES model pro-
vided additional shielding functions to ensure that the model does not switch to Large Eddy Simulation (LES)
within the boundary layer in order to avoid the limitation of high sensitivity to grid spacing. The dual time step-
ping approach proposed was employed. At each physical time step, a steady-state problem was solved in a pseudo
time. In order to speed up the convergence, the multigrid strategy and the implicit residual smoothing method
were applied.

Table 1. Geometry parameters of the blade in the cascade.

Parameters Value
Chord (mm) 54.78
Pitch (mm) 29.5
Height (mm) 15
Inlet vane angle (deg) 48.97
Outlet vane angle (deg) 62.36
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Boundary condition

The total pressure, the total temperature and the velocity vector on the inlet boundary were specified. The Mach
number was obtained by extrapolation from the interior field. At the outlet boundary, the static pressure was spe-
cified. The remaining dependent variables at the outlet boundary were obtained from the interior field through
the extrapolation with the zero-order.

Computational mesh
The grid was generated by the Autogrid5 module of the NUMECA software. The grid independence study was

performed to confirm the reliability of the numerical simulation and the Grid independence results is shown in
Figure 1. The total pressure ratio represented the ratio of the outlet total pressure to inlet total pressure. The
number of 9 million grids was determined for calculation based on calculation accuracy and calculation time.
Figure 2 shows the grids of the blade in cascade. The first layer grid scale was 5x 10™® m and the average y+
value was about 1. The physical time step was set to 1x 10™s.

Convergence

The steady calculation was carried out with 400 iterations and the DDES calculation was carried out with 350
iterations to ensure the convergence of the results. The initial condition of the DDES calculation was based on
the result of the steady calculation. Figure 3 shows the root mean square global residual of the density of the
RANS calculation reached 107 at the exit isentropic Mach number of 0.9 and the incidence angle of 0 for the
blade with the loading coefficient of 2.0. The definition of the residual was the sum of the fluxes on all the faces
of each cell and the data shown in Figure 3 was the logarithm of the root mean square global residual. The con-
vergence of other conditions was similar with the convergence shown in Figure 3. The highest error in inlet mass
flow and outlet mass flow was less than 0.05% and the global residual was more than 107 for the DDES results
of all conditions.

Results and discussion

Comparison of flow fields with different exit isentropic Mach numbers

Figure 4 shows the total pressure loss coefficient at exit at loading coefficient of 2.0 and incidence angle of 0°
with different exit isentropic Mach numbers. The total pressure loss coefficient is expressed by Equation 1.
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Figure 1. Grid independence results.
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Figure 2. B2B computational mesh.

where P} is the inlet total pressure, P* is the local total pressure.
The exit isentropic Mach number is expressed by Equation 2.

= -1 %

sentroni Pfreestream r=1/r 2
isentropic 0
Mcxit B
Py y—1

https://www journalssystem.com/jgpps/186056,0,2.html

)

where Plreesteam s the total pressure in the freestream outside of the boundary layers, usually the inlet total pres-
sure is used, Py is the exit static pressure and y is the ratio of specific heat, which is 1.4 for air. When the exit

static pressure is determined, the exit isentropic Mach number is changed by changing the inlet total pressure.

As Figure 4 shown, the total pressure loss coefficient increases with the increase of exit isentropic Mach number
because of the higher Mach number and the formation of the shock wave. Figure 5 shows the total pressure loss

~
L

Residuals

Cycles

Figure 3. The global residual of the RANS calculation at the exit isentropic Mach
angle of 0 for the blade with the loading coefficient of 2.0.
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Figure 4. Total pressure loss coefficient at exit with different exit isentropic Mach numbers.

coefficient along pitch at exit of mid-span with different exit isentropic Mach numbers. The total pressure loss
coefficient shows the similar distribution when the exit isentropic Mach number increases from 0.9 to 1.1. There
is a high loss region at 0.87 pitch corresponding to the wake where the loss rises from 0.105 to 0.166. At the exit
isentropic Mach number of 1.2, the distribution of the total pressure loss coefficient is different from others,
which is basically uniform along the pitch indicating the main flow and the wake are strongly blended.

Figures 6 and 7 show the distribution of Mach number and pressure coefficient at mid-span (Cp). The pres-

sure coefficient is expressed by Equation 3.
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Figure 5. Total pressure loss coefficient along pitch at exit of mid-span with different exit isentropic Mach numbers.
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Figure 6. Mach number contour at mid-span with different exit isentropic Mach numbers. (a) Exit isentropic Mach
number 0.9 (b) Exit isentropic Mach number 1.0 (c) Exit isentropic Mach number 1.1 (d) Exit isentropic Mach number 1.2.
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Figure 7. Distribution of Cp at mid-span with different exit isentropic Mach numbers.
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where P is the local static pressure, P; is the exit static pressure and 7 is the inlet total pressure.

As Figure 6 shown, there is no shock wave formation at exit isentropic Mach number of 0.9. With the increase
of the exit isentropic Mach number, the shock waves are generated, consisted of incident shock wave, reflected
shock wave and Mach stem and the Mach number preceding the shock wave increases. The position of the
shock wave at the suction surface moves towards the trailing edge and the angle between incident shock wave
and reflected shock wave increases.

With the increase of exit isentropic Mach number, the sudden Cp rise in suction surface decreases in
Figure 7, but the sudden static pressure rise increases according to the definition of Cp because of the difference
of the inlet total pressure, which is induced by the shock wave and boundary layer interaction, indicating the
intensity of the shock wave increases.

Figure 8 shows the distribution of axial skin friction coefficient (Cf,) on the suction surface at mid-span. The
axial skin friction coefficient is expressed by Equation 4.

T
Cp=—t 4
s 0'5prefvr§f ( )

where 7, is the local axial wall shear stress, p; and Vier are the reference density and reference velocity, respect-
ively, for which the average inlet density and the average inlet velocity are used.

Cf, can be used to represent the state of the boundary layer. The Cf, less than 0 indicates there is a backflow
region on the suction surface of the blade. The point of separation and reattachment of the flow is represented
by the Cf, of 0, which can be used to calculate the length of the separating bubble. In Figure 8, the Cf, increases
on the suction surface indicating that the boundary layer transitions from laminar to turbulent flow. The Cf,
suddenly drops to less than zero at the location where the shock wave occurs, which represents the point of separ-
ation. At various exit isentropic Mach numbers, the location of the separation bubble matches that of the shock
wave, which moves towards the trailing edge. There is no separation bubble formation at exit isentropic Mach
number of 0.9 and the length of the separation bubble increases from 1.18% to 1.29% Cx as the exit isentropic
Mach number increases from 1.0 to 1.1. However, the length of the separation bubble is 0.73% Cx at the exit
isentropic Mach number of 1.2, which is less than that at lower exit isentropic Mach number. It appears to show
that the length of separation bubble does not grow as the intensity of the shock wave increases. The character-
istics of the separation bubble at mid-span will be influenced by the secondary flow from the endwall as the exit
Mach number increases.
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Figure 8. Distribution of Cf, at mid-span on suction surface with different isentropic Mach numbers.
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Comparison of flow fields with different loading coefficients

Figure 9 shows the total pressure loss coefficient at exit at exit isentropic Mach number of 1.2 and incidence
angle of 0° with different loading coefficients. The total pressure loss coefficient reaches the maximum value of
0.097 at loading coefficient of 2.0 and reaches the minimum value of 0.090 at loading coefficient of 1.8 indicat-
ing there is not significant difference in the total pressure loss coefficient. Figure 10 shows the total pressure loss
coefficient along pitch at exit of mid-span with different loading coefficients. The distribution of the total pres-
sure loss coefficient and the position of the wake are different when the loading coefficient increases from 1.6 to
2.0 because the change in the loading coefficient is achieved by changing the turning angle. There is a high loss
region corresponding to the wake at load coefficient of 1.6 and 1.8 and there is another high loss region at 0.7
pitch caused by the SWBLI at load coefficient of 1.6.

1

0.10 0.097
0.092 0.090

0.08 -

0.06 - .

0.04 - -

Total pressure loss coefficient(-)
S
[ %)
1
1

0.00 ' : ' : :
1.6 18 2.0

Loading coefficient(-)

Figure 9. Total pressure loss coefficient at exit with different loading coefficients.
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Figure 10. Total pressure loss coefficient along pitch at exit of mid-span with different loading coefficients.
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Figures 11 and 12 show the distribution of Mach number and Cp at mid-span. With the increase of the
loading coefficient, the position of the shock wave moves towards the leading edge and the interaction between
the shock wave and the wake strengthens, resulting in the uniformity of outlet flow field as the Figure 11 shown.
The Mach number preceding the shock wave at load coefficient of 1.6 is significantly higher than others.
Figure 12 shows the same change of the position of the shock wave and the Cp rise induced by the shock wave.
The sudden Cp rise induced by the shock wave at load coefficient of 1.6 is higher than others, indicating the
intensity of the shock wave is higher than others.

Figure 13 shows the distribution of Cf, on the suction surface at mid-span. The transition at loading coeffi-
cient of 1.6 is completed earlier than that at the loading coefficient of 1.8 and 2.0. The length of the separation
bubble induced by the shock wave is obviously longer than others at loading coefficient of 1.6, which leads to
the higher total pressure loss coefficient at loading coefficient of 1.6 than at load coefficient of 1.8. With the
increase of the loading coefficient, the length of the separation bubble decreases from 3.8% to 0.73% Cx.

Comparison of flow fields with different ancidence angles

Figure 14 shows the total pressure loss coefficient at exit at loading coefficient of 2.0 and exit isentropic Mach
number of 1.2 with different incidence angles. The total pressure loss coefficient reaches the maximum value of
0.119 at incidence angle of +15° and reaches the minimum value of 0.091 at incidence angle of negative 7.5°,

Mach Number

Figure 11. Mach number contour at mid-span with different loading coefficients. (a) loading coefficient 1.6 (b)
loading coefficient 1.8 (c) loading coefficient 2.0.

1.0 T T T T r .
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Figure 12. Distribution of Cp at mid-span with different loading coefficients.
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Figure 13. Distribution of Cf, on suction surface at mid-span with different loading coefficients.

indicating the loss increase with the large positive incidence angle. Figure 15 shows the total pressure loss coeffi-
cient along pitch at exit of mid-span with different incidence angles. At the negative incidence angles, there is a
high loss region at 0.94 pitch corresponding to the wake and there is another high loss region at 0.6 pitch
because of the flow separation induced by the SWBLI. The distribution of the total pressure loss coefficient at
incidence angle of 0° is basically uniform because of the strong blend of the main flow and the wake. There is a
high loss region at 0.94 pitch corresponding to the wake at incidence angle of positive 7.5°, however, the distri-
bution is absolutely different at incidence angle of positive 15°. The high loss area is generated by separated flow
from the suction surface, not by the wake.

Figure 16 shows the distribution of Mach number at mid-span. There is a large flow separation on pressure
surface at incidence angle of —15° and a large flow separation on suction surface at incidence angle of +15°.
The large flow separation on pressure surface at incidence angle of —15° does not influence the trailing edge
shock wave. The structure of the shock wave and the flow field are similar with different incidence angles
except the incidence angle of +15° There is the shock wave at the leading edge of the suction surface at inci-
dence angle of +15° resulting in the large flow separation, the bending of the shock wave at the trailing edge
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Figure 14. Total pressure loss coefficient at exit with different incidence angles.
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Figure 15. Total pressure loss coefficient along pitch at exit of mid-span with different incidence angles.

Mach Number

Figure 16. Mach number contour at mid-span with different incidence angles. (a) Incidence angle —15° (b) Incidence
angle —7.5° (c) Incidence angle 0° (d) Incidence angle +7.5° (e) Incidence angle +15°.
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Figure 17. Distribution of Cp at mid-span with different incidence angles.

and the increase of the loss. The intensity of the wake and the interaction between the shock wave and the

wake are reduced, leading to the different distribution of the total pressure loss coefficient as Figure 15 shown.

Figure 17 shows the distribution of Cp at mid-span. With the variation of the incidence angles, the position

and the intensity of the sudden Cp rise induced by the shock wave are essentially the same but the intensity of

the sudden Cp rise at the incidence angle of +15° significantly increases because the shock wave is bent and is

more perpendicular to the direction of the flow. Additionally, there is a sudden Cp rise at the leading edge of

the suction surface representing the formation of the shock wave.
Figure 18 shows the distribution of Cf, on the suction surface at mid-span. The Cf, quickly drops when the
shock wave occurs on the suction surface and the separation bubble is generated with diffident incidence angles
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Figure 18. Distribution of Cf, on suction surface at mid-span with different incidence angles.
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except the incidence angle of +15°. At the incidence angle of +15°, the boundary layer at the trailing edge of the
suction surface thickens but no separation bubble is generated because there is a separation bubble formation
with the length of 0.8 Cx at the leading edge of the suction surface. As the flow develops, the open separation
occurs following the separation bubble as the Figure 16 shown. The position of the separation bubble is almost
the same and corresponds to the position of the shock wave at other incidence angles. The length of the separ-
ation bubble is 1.11% Cx at negative incidence angles, 0.73% Cx at the incidence angle of 0° and 1.12% Cx at
the incidence angle of +7.5°.

Conclusions

The rotor blades with high loading coefficient were designed with the aim of investigating the effects of the
loading coefficient, the incidence angle, and the exit isentropic Mach number on the shock wave as well as the
SWBLI in the cascade. The research is summarized as follows.

1. With the increase of exit isentropic Mach numbers, the total pressure loss coefficient increased by 2.8% and
compared to others, the distribution of total pressure loss coefficient at the exit isentropic Mach number of
1.2 is basically uniform indicating the main flow and the wake are strongly blended. The generated shock
waves at mid-span consisted of incident shock wave, reflected shock wave and Mach stem. The position of
the shock wave at the suction surface moved towards the trailing edge. The intensity of the shock wave as
well as the angle between incident shock wave and reflected shock wave increases. However, the length of sep-
aration bubble did not grow from 1.29% Cx as the intensity of the shock wave increases because of the influ-
ence of the secondary flow from endwall.

2. With the increase of loading coefficients, the total pressure loss coefficient increased by 0.5%. The distribu-
tion of the total pressure loss coefficient along pitch and the position of the wake are different because of the
difference of the turning angle. The position of the shock wave at mid-span moved towards the leading edge
and the intensity of the shock wave at load coefficient of 1.6 was significantly higher than others, leading to
the longer separation bubble than others with 3.8% Cx and the higher total pressure loss coefficient than
that at load coefficient of 1.8 because of the influence of the obvious vortices on the upper and lower end-
walls of the suction surface.

3. With the variation of incidence angles, the total pressure loss coefficient increased by 2.2% for incidence
angle from 0° to +15°, indicating the loss increase with the large positive incidence angle. The position of the
shock wave at the trailing edge was almost not changed. At the negative incidence angles, there were the same
distribution of the total pressure loss coefficient, the same intensity of the shock wave and the same separation
bubble with the length of 1.11% Cx. The large flow separation was generated near the leading edge of the
pressure surface but has no influence on flow filed. At the positive incidence angles, the flow filed as well as
the shock wave at incidence angle of +7.5° were basically the same as that at negative angles. At the incidence
angle of +15°, the intensity of the shock wave at the trailing edge significantly increased and the shock wave
was bent but there was no separation bubble formation because the large flow separation was happened near
the leading edge of the suction surface following the separation bubble with length of 0.8% Cx induced by
the shock wave, resulting in the different distribution of total pressure loss coefficient and the increase of the
loss with large positive incidence angle.

Nomenclature

yT Non-dimensional distance from the wall
P Inlet total pressure

rr Local total pressure

Plreesteam Toa] pressure in the freestream outside of the boundary layers
P Exit static pressure

4 Ratio of specific heat

P Local static pressure

T, Local axial wall shear stress

Pref Reference density

Viet Reference velocity
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Abbreviations

SWBLI  Shock wave and boundary layer interaction
DDES Delayed Detached Eddy Simulation
SA-DDES Delayed Detached Eddy Simulation based on Spalart-Allmaras turbulent model

LES Large eddy simulation

Cp Pressure coefficient

Cft, Axial skin friction coefficient
Cx Axial chord
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