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ABSTRACT 

Comprehensive understanding of the loss mechanism is crucial for maintaining high turbine efficiency over a wide 
operation range. This paper explores the coupling effect of the inlet free-stream turbulence intensity (FSTI) and incidence 
on endwall flow of highly loaded turbine cascades. Numerical study is conducted on PackB cascade with different FSTI 
(0.4% to 10%) over a wide range of incidence (-40° to +20°). Design condition (i = 0°, FSTI = 2.2%) is chosen as the 
reference for thorough comprehension. The transformation of secondary vortex structure is analyzed in detail. FSTI and 
incidence have a more significant impact on endwall flow than on midspan flow; these results have not been previously 
reported. An interesting phenomenon is observed and analyzed that the number of horseshoe vortexes (HV) increases with 
a decrease in FSTI. Then endwall loss generation in turbine passage is extracted considering the location of secondary flow 
separation lines. This research provides a theoretical basis for the design of high-efficiency turbines in a wide operating 
conditions.  

 
Keywords: Highly loaded turbine cascade; Free-stream turbulence intensity; Wide incidence range; Loss mechanism; 
Boundary layer separation.. 

1. INTRODUCTION 
The aero-engine works at various conditions, including take-off, climb and cruise in a typical flight mission. Off-

design operation also applies to turbine, which is the vital component in aero-engine. And that causes turbine incidence 
angle, Reynolds number and inlet free-stream turbulence intensity frequently deviate greatly from the design conditions, 
which leads to significant deterioration of the turbine performance. It is essential to design the turbine with high efficiency 
at wide operating conditions. The vital task is understanding loss generation mechanism comprehensively with multiple 
factors. 

The incidence angle has been considered for a long time and it is the most significant parameter when turbine operates 
in off-design conditions. The variation in the incidence angle has a great impact on the secondary vortex structure (Dossena 
et al, 2004; Zoric et al, 2007). Tsujita et al. (Tsujita & Yamamoto, 2010) found the horseshoe vortex and the passage vortex 
increase the secondary loss in the cascade passage at positive incidence angle (i = +5°). Equivalent conclusions were 
proposed by Benner et al. (Benner et al, 2004) and Lipfert et al.(Lipfert et al, 2013). The incidence angle influences turbine 
flow characteristics and requires more comprehensive research in extremely off-design incidence conditions. 

In recent years, the influence of FSTI on turbine flows has gradually become attentive(Matsunuma et al, 1999). Zhang 
et al. (Zhang et al, 2015) experimentally studied the impact of FSTI on boundary layer separation. They discovered a 
greater impact with FSTI range of 0%–5%, which was in opposition to the conclusion of Hardikkumar et al. (Bhavsar & 
Mistry, 2019), possibly due to different Reynolds numbers. Several studies have documented the coupling effect of the 
FSTI and the Reynolds number. Graveline et al. (Graveline & Sjolander, 2012) focused on the spectral results (Tollmien–
Schlichting waves and Kelvin–Helmholtz instabilities) with different Reynolds numbers and FSTI conditions. Kenneth et 
al. (Van Treuren et al, 2018) predicted the location of flow separation and reattachment of the separated flow based on an 
experimental study of flow characteristics with low Reynolds numbers and different FSTIs. The effect of FSTI on endwall 
flow has rarely been studied. Stephan et al. (Stotz et al, 2017) and McVetta et al. (McVetta et al, 2013) investigated the 
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effect of FSTI with off-design incidence. They reported that the FSTI had a great impact with large incidence angles and 
even changed the incidence value with the minimum loss. Benigno et al. (Lazaro et al, 2019) discussed the impact of the 
free-stream turbulence with low Reynolds number in the outlet guide vane downstream from the low pressure turbine 
(LPT). They conducted experiments for the design incidence and positive off-design incidences (i = +8°).  

Based on this research, numerous studies on off-design operation (Gao et al, 2020; Kiran & Anish, 2017; McVetta et 
al) have been conducted; NASA Fundamental Aeronautics Program (Variable Speed Power Turbines, VSPT) presented 
that the high turbine efficiency over a large (40° to 60°) incidence variation and low Reynolds numbers are the key 
aerodynamic challenges (Welch, 2010). Low Reynolds number operation has been widely studied (Lipfert et al, 2013; Liu 
et al, 2018; Qu et al, 2020). Nevertheless, the high loaded and transition flow may increase sensitivity to the incidence 
angle; the underlying coupling mechanism of incidence and FSTI remains to be further investigated. 

The aim of this research is to explore the coupling effect of FSTI and incidence on endwall flow of highly loaded 
turbine cascades with numerical simulations. The FSTI and incidence is set to 0.4%–10% and -40°–+20°, respectively. The 
intensive discussions of flow physics and loss mechanisms are conducted concerning both FSTI and incidence. The endwall 
loss is quantified at the last section of this study to provide the possibility to improve the loss model. 

2. METHODOLOGY 

2.1 Numerical setup 
In this study, the highly-loaded turbine cascade PackB designed by Pratt & Whitney Company is investigated. The 

related parameters are presented in Table 1. The numerical simulation is conducted using ANSYS CFX, and a two-equation 
shear stress transport (SST) turbulence model with "Gamma-Theta” transition model is adopted to capture the details of 
boundary layer (Qu et al, 2019). The Reynolds number is set to 100,000 to validate the accuracy of the numerical method.  

Table 1 Parameters for PackB 
Parameter Value 
Chord，C [mm] 83.9 
Axial Chord, Cx [mm] 75.4 
Pitch, s [mm] 66.8 
Span, h [mm] 200 
Design inlet flow angle, α1 [°] 35 
Design outlet flow angle, α2 [°] 60 
Zweifel Coefficient 1.08 

The H-O-H mesh topology is used in the cascade flow path. The grid independence test is conducted through steady 
simulations on the design incidence case with grid numbers ranging from 900 000 to 7 000 000. The total pressure loss 
coefficient is almost constant with a grid number greater than 5 million, as shown in Figure 1. Thus, a grid number of 5.08 
million is used in this research. The three-dimensional view of the mesh structure is shown in Figure 2. 
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Figure 1 Grid sensitivity analysis 

To ensure accuracy, the static pressure coefficient (Cp) on the cascade surface is compared for the numerical and 
experimental results for the design incidence case with the FSTI of 2.2% as illustrated in Figure 3. The static pressure 
coefficient is defined as: 



3 

 

01 s
p

01 s1

P PC
P P

−
=

−  (1) 

As shown in Figure 3, the numerical results reflect the flow in the experiment (Mahallati, 2003). The transition on the 
suction side is also accurately predicted. Thus, the SST turbulence model with "Gamma-Theta” transition model meets the 
precision requirement in this study. 

 
Figure 2 Mesh structure 
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Figure 3 Validation of computational and 

experimental results 

2.2 Vortex recognition method 
In this study, the streamwise vorticity and Q criterion are adopted to identify secondary vortices’ intensity and location 

in the flow field. 
The streamwise vorticity coefficient (Cws) is computed based on the vorticity (Helmholtz, 1858) and is the first 

generation of vortex recognition method, defined by Equations (2) and (3):  
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where Ws is the streamwise vorticity, W


 is the vorticity (vector), V


 is the velocity (vector). 
Q criterion is one of the second generation vortex identification methods. Hunt et al. (Hunt et al, 1988) recommends 

using the second Galileo invariant Q> 0 of the velocity gradient tensor ( V∇


) to identify the vortex structure. According 
to Cauchy-Stokes decomposition, V∇



 can be decomposed into symmetric tensor ( A ) and antisymmetric tensor ( B ): 
 V∇ = +A B
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Then, the Q is defined as: 

 2 21 (|| || || || )
2 F FQ = −B A   (7) 

where, ||  ||F  is represents the Frobenius norm of the matrix. 

3. RESULTS AND DISCUSSION 

3.1 Design condition 
For a thorough understanding of the coupled impact of the incidence angle and FSTI on turbine flow, the condition 

(FSTI = 2.2% i = 0°) is chosen as the reference. This condition corresponds to the normal LPT operating mode and design 
flow angle condition. 

Secondary vortexes are the motivation of the endwall flow. Figure 4 shows the streamwise vorticity coefficient (Cws) 
contour. The secondary flow structure agree with Wang's model (Wang et al, 1997) considerably. However, there are three 
unusual phenomena observed in this study. 

The first is the number of the horseshoe vortex (HV). There are two horseshoe vortex pressure side branches (HVP) 
and suction side branches (HVS) respectively caused by the relatively low FSTI. Based on the definition of turbulence 
intensity, a lower FSTI is equivalent to a lower level of turbulence pulsation and vorticity dissipation. 

The second is related to the passage vortex (PV). PV is the most important vortex in the endwall flow structure, which 
starts at the intersection of HVP and HVS. There is a large vortex below the PV, shown in Figure 5(a). From the streamlines 
constituting the vortex shown in Figure 5(b), it is denoted as passage vortex Ⅱ (PVⅡ). It can also be observed, after leaving 
the trailing edge, most of its vorticity is involved into the trailing edge shedding vortex (TESV). It is also observed that 
after leaving the trailing edge, most of its vorticity is involved in the trailing edge shedding vortex (TESV). Owing to the 
instability of the vortex core, PVⅡ does not cause a significant loss. In contrast, the wall vortex induced by PV (WIPV), 
the corner vortex (CV), and PV contribute to most of the endwall losses, although WIPV and CV are small. 

The third is a new wall vortex (WISV) on the pressure side, as shown in Figure 4(b). This vortex is induced by pressure 
side separation and developed from the corner vortex (CVP) on the pressure side. The CVP is rapidly dissipated by the 
boundary layer vorticity in the opposite direction. Because of the separation, the CVP develops into the WISV and expands 
in size and spanwise position. 

 

 
(a) Q criterion 

 
(b) Pressure surface view 

 
(c) Suction surface view 

Figure 4 Stream-wise vorticity contour for the design condition (FSTI = 2.2%, i = 0°) 
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(a) Stream-wise vorticity contours 

 
(b) Streamlines of PV 

Figure 5 Stream-wise vorticity contours and Streamlines of 100%Cx and 120%Cx plains 

3.2 Effect of FSTI on endwall flow under design incidence condition 
The most interesting effect of the FSTI is the change in the number of HVs, as shown in Figure 6. There is more than 

one HVP appears in low FSTI conditions (FSTI ≤ 2.2%) and only one HVP in high FSTI conditions. The endwall boundary 
layer near the suction side continues to be sucked into the induced vortex due to a large transverse pressure gradient, which 
is aggravated with a decrease in the FSTI. A low FSTI indicates a small velocity pulsation, which is equivalent to a small 
vorticity that is not easily dissipated; a relatively stable vorticity can be formed, which is confirmed in Figure 7. 
Furthermore, vortexes with a lower FSTI have a greater vorticity and more independent cores, as shown in Figure 7. With 
a decrease in FSTI, the interaction between vortexes is weakened, and the dissipation of vorticity decreases. In Figure 7, 
the position of the passage vortex core is lifted slightly with an increase in FSTI. 

 
(a) FSTI = 0.4%     (b) FSTI = 1.5%     (c) FSTI = 2.2%     (d) FSTI = 5%     (e) FSTI = 10% 

Figure 6 Q criterion of different FSTI conditions 

 

 
(a) FSTI = 0.4%                            (c) FSTI = 2.2% 
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(d) FSTI = 5%                            (e) FSTI = 10% 

Figure 7 Contours of Cws for different FSTI conditions 
Figure 8 shows the total pressure loss coefficient for different FSTI conditions. The total pressure loss coefficient (ζ) 

is defined as: 

 01 0

02 2s

P P
P P

ζ −
=

−
  (8) 

For a lower FSTI, the loss core is more obvious, and the positional relationship between the loss core and the vortex core 
is more significant. With a higher FSTI, more losses occur from the interaction of different vortices, especially for the PV, 
confirming the conclusion that greater FSTI produces a stronger interaction between vortices. The influence becomes small 
when the FSTI is greater than 5%. 

3.3 Effect of FSTI on endwall flow under off-design incidence condition 
The strength of the secondary flow near the endwall is significantly affected by the transverse pressure gradient, which 

is directly impacted by changes in the incidence angle. Figure 9 shows the contours of Cws for different incidence angles. 
A large positive incidence angle significantly increases the transverse pressure gradient. Secondary vortexes are stronger 
with a larger positive incidence angle and a smaller negative incidence angle. In addition, HVSs with a negative incidence 
angle dissipate more slowly than HVSs with a positive incidence angle, as they could be found on plane 4 in Figure 9(a). 
This also means that the HVPs reach the suction side more slowly. The WISV is reinforced by a large separation on the 
pressure side. The convincing evidence is that it cannot be find with a positive incidence angle condition, and is conspicuous 
with a negative incidence angle. 

 

 
(a) FSTI = 0.4%                              (b) FSTI = 2.2% 

 
(c) FSTI = 5%                              (d) FSTI = 10% 
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Figure 8 Contours of total pressure loss coefficient for different FSTI conditions 
Obviously, the position of the vortex core also changs with different incidence angles. The position of the PV core in 

the 100% Cx plane is shown in Figure 10, which obtained by capturing the position of the maximum vorticity. The 
transverse variation distance reaches almost 20% of the pitch when the incidence angle varies from -40° to +20°. The 
WIPV core is always on the suction surface except for i = +20° (Figure 9(e)) because with a large positive incidence angle 
(+20°). As shown in Figure 11, there appears to be a concentrated shedding vortex (CSV) that is closely related to the blade 
surface diffusion, similar to that in the compressor blades. As a result of the strong and large CSV, the PV core moves 
away from the suction surface but does not migrate further in the spanwise direction. 

The size and loss of the main vortexes near the endwall generally increase with an increase in FSTI. Two extreme 
incidence angles are analyzed in more detail. 

 

 
(a) i = -20° 

 
(b) i = 0° 

 
(c) i = +10° 

Figure 9 Contours of Cws for different incidence angle conditions (FSTI = 2.2%) 
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Figure 10 Position of the passage vortex core in the 100% Cx plane 

 

 
(a) 3D streamline 

 
(b) Surface streamline on blade to blade plane of 

20%h 

Figure 11 The CSV of i = +20° condition  
Figure 12(a) and Figure 13(a) show the Cws contour and total pressure loss coefficient contours at 100% Cx for a 

negative incidence angle, respectively. The effect of FSTI occurs on both the suction side and the pressure side. The 
principal reason is the separation upstream of the pressure side is complicated by a reduction in FSTI, and the WISV is 
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more obvious with a lower FSTI. There are many small induced vortices near the endwall, leading to the vortex below the 
main PV. This causes significant losses, which is different from PVⅡ in the reference condition shown in Figure 13(a) 

Figure 12(c) and Figure 13(c) show the Cws contours and total pressure loss coefficient contours at 100% Cx for a 
positive incidence angle, respectively. There are also some distinctions compared with the design condition when the FSTI 
changes. The position of the PV core does not move monotonically with an increase in the FSTI in the spanwise direction, 
perhaps because the position of the PV is influenced by the intensity of the PV and CSV at the trailing edge of the suction 
side. The intensity of the PV with a large positive incidence is strong enough, especially with higher FSTI. In other words, 
the power of the PV produces upward entrainment greater than the concentration of the shedding vortex when the FSTI is 
high. With a low FSTI, the power of CSV is weak, and the movement of the passage vortexes is significant in the spanwise 
direction. 

 
FSTI = 0.4%           FSTI = 2.2%           FSTI = 10% 

 
(a) i = -40° 

FSTI = 0.4%           FSTI = 2.2%           FSTI = 10% 

 
(b) i = 0° 

FSTI = 0.4%           FSTI = 2.2%           FSTI = 10% 

 
(c) i = +20° 

Figure 12 Cws contours at 100% Cx for different FSTI and incidence angle 
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FSTI = 0.4%           FSTI = 2.2%          FSTI = 10% 

 
(a) i = -40° 

FSTI = 0.4%           FSTI = 2.2%           FSTI = 10% 

 
(b) i = 0° 

FSTI = 0.4%           FSTI = 2.2%           FSTI = 10% 

 
(c) i = +20° 

Figure 13 Total pressure loss contours at 100% Cx for different FSTI and incidence angle 

3.4 Loss quantification 
Endwall loss (ζs) is the loss caused by secondary flow and the friction in the endwall boundary layer within the 

secondary region which is defined by Benner et al. (Benner et al, 1997). The endwall loss is exacted using the method 
proposed by Benner et al. (Benner et al, 2005) as shown in Figure 14.  
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Figure 14 Overview of the endwall loss 
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Figure 15 Effect of FSTI on endwall loss 
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Overall, the endwall loss significantly decreases as the incidence angle decreases from a positive value to a negative 
value. The evolution of secondary vortices can be divided into pressure and suction sides. With a positive incidence angle, 
the secondary flow is mainly located near the suction side due to the strong transverse pressure gradient, becoming stronger 
as the incidence angle increases. That is, the losses caused by secondary flow increase. With a negative incidence angle, 
the change trend of the secondary flow on the suction side is similar to that for positive incidence angles. However, the 
secondary flow on the pressure side cannot be neglected, especially for extreme negative incidence angles, due to the 
critical separation on the pressure side.  

Furthermore, the FSTI also has an impact on the endwall loss. The secondary flow structure grows stronger and larger 
with greater FSTI, as shown in Figure 7. Figure 15 illustrates the variation in endwall loss with different FSTI. It is 
discovered that the endwall loss gradually decreases with an increase in FSTI, similar to a change in the Reynolds number. 
In fact, there is a mutual impact of the Reynolds number and FSTI on the aerodynamic performance of turbine cascades. 
The Reynolds number may affect the threshold at which flows are affected by FSTI. Due to space limitations, this is not 
addressed in this study. It is effective to improve the endwall loss model by considering the influence of coupling effect of 
FSTI, incidence and Reynolds number. 

4. CONCLUSIONS 
In this study, RANS simulation is conducted to investigate the coupling effect of FSTI and incidence on the 

aerodynamic characteristics and loss generation mechanisms of the highly-loaded cascades. The secondary flow near the 
endwall are discussed, and the endwall loss is quantified for further research. 

The number of HVs increases with a decrease in FSTI, due to the lower turbulence dissipation with lower FSTI. And 
the secondary vortex is enhanced by the high FSTI. 

As a consequence of the significant variation in the transverse pressure gradient, the incidence angle has a significant 
effect. The secondary vortexes are enhanced with a positive incidence. With an extremely positive incidence (+20°), the 
CSV occurs on the suction side, which causes increased losses in the passage. With negative incidence, the pressure-side 
vortexes are enhanced by the separation on the pressure side, whereas the strength of the suction-side vortex system is 
weakened. In other words, the endwall loss with negative incidence is not consistently reduced. 

The loss breakdown shows the same trend as the flow field changes with incidence and FSTI. Hence, it will be 
beneficial to modify the endwall loss model by take into account the coupling effect of FSTI and incidence, which will be 
continued in the following research. 

NOMENCLATURE 
Cp Static pressure coefficient 
Cws Non-dimensional streamwise vorticity 
Cx Axial chord length 
d Diameter of leading edge 
h Blade span 
i Incidence angle 
P0 Total pressure 
Ps Static pressure 
s Blade pitch 
u, v, w Velocity components in x, y, z directions 
V


 Velocity 
W


 Vorticity 
Ws Streamwise vorticity 

SYMBOLS 
α Flow angle 
ζ Total loss coefficient 
ζs Endwall loss 

SUBSCRIPTS 
1 Inlet of cascade 
2 Outlet of cascade 
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