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ABSTRACT 
Turbine airfoils are subject to strong secondary flows that 

produce total pressure loss and high surface heat transfer in the 
airfoil passage. The secondary flows arise from the high overall 
flow turning acting on the incoming boundary layer, as well as 
the generation of a horseshoe vortex at the leading edge of the 
airfoil. Prediction of the effects of secondary flows on endwall 
heat transfer using steady Reynolds-averaged Navier-Stokes 
(RANS) approaches has so far been somewhat unsatisfactory, 
but it is unclear whether this is due to unsteadiness of the 
secondary flow, modeling assumptions (such as the Boussinesq 
approximation and Reynolds analogy), strongly non-equilibrium 
boundary layer behavior in the highly skewed endwall flow, or 
some combination of all. To address some of these questions, and 
to determine the efficacy of higher-fidelity computational 
approaches to predict endwall heat transfer, a low pressure 
turbine cascade was modeled using a wall-modeled Large Eddy 
Simulation (LES) approach. The result was compared to a steady 
Reynolds-stress modeling (RSM) approach, and to experimental 
data.  Results indicate that the effect of the unsteadiness of the 
pressure side leg of the horseshoe vortex results in a broad 
distribution of heat transfer in the front of the passage, and high 
heat transfer on the aft suction side corner, which is not predicted 
by steady RANS. However, the time-mean heat transfer is still 
not well predicted due to slight differences in the secondary flow 
pattern. Turbulence quantities in the blade passage agree fairly 
well to prior measurements and highlight the effect of the strong 
passage curvature on the endwall boundary layer, but the LES 
approach here overpredicts turbulence in the secondary flow at 
the cascade outlet due to a thick airfoil suction side boundary 
layer. Overall, more work remains to identify the specific model 
deficiencies in RSM or wall-modeled LES approaches. 

 

INTRODUCTION 
In a gas turbine engine, the upper and lower walls (casing 

and hub, respectively) that contain the flow also result in the 
generation of boundary layers. These boundary layers reduce the 
overall performance of the turbomachine and generate complex 
flow patterns in the airfoil passage, known as secondary flow. 

Secondary flow consists of several interconnected flow 
features. When the endwall boundary layer encounters the 
blockage of a turbine airfoil, it will separate and form coherent 
vorticity known as the horseshoe vortex, with two legs that wrap 
around the airfoil. Within the passage, strong flow turning causes 
development of a passage vortex that travels from the pressure 
to suction side. This often merges with the pressure side leg of 
the horseshoe vortex which has the same sense of rotation. The 
strong streamwise vorticity sweeps up endwall boundary layer 
fluid in the passage, as well as airfoil suction side boundary layer 
fluid as it encounters and climbs the airfoil suction side. The 
entrainment of endwall and suction side boundary layer fluid 
results in significant mixing and entropy generation, which leads 
to reduced aerodynamic performance. Furthermore, the 
sweeping action of the passage vortex can locally enhance heat 
transfer and remove cooling flow from the endwall.  

Prediction of this behavior remains challenging due to the 
complex nature of the vortex evolution, possible unsteadiness, 
and transitional behavior of the endwall boundary layer inside 
the passage. As such, turbulent-scale-modeling computational 
approaches such as Reynolds-averaged Navier-Stokes (RANS) 
suffer from deficiencies. Higher-fidelity approaches such as 
large eddy simulation (LES) can be more accurate, but much 
more costly. It is of interest to evaluate what kinds of 
improvement in accuracy might be achievable with high-fidelity 
methods.  

NOMENCLATURE 
𝐶𝐶𝑎𝑎𝑎𝑎 axial chord of blade 
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𝐶𝐶𝑓𝑓 friction coefficient, 𝐶𝐶𝑓𝑓 = 𝜏𝜏𝑤𝑤
1/2𝜌𝜌𝑈𝑈𝑖𝑖𝑖𝑖

2  

𝐶𝐶𝑝𝑝 specific heat, or static pressure coefficient 
h heat transfer coefficient, ℎ = 𝑞𝑞"

𝑇𝑇𝑤𝑤−𝑇𝑇𝑖𝑖𝑖𝑖
 

k turbulent kinetic energy, 
 𝑘𝑘 = 1

2
��𝑢𝑢′𝑢𝑢′������ + �𝑣𝑣′𝑣𝑣′������ + �𝑤𝑤′𝑤𝑤′�������� 

P blade pitch, or static pressure 
PrSGS subgrid-scale turbulent Prandtl number 
Prt turbulent Prandtl number 
q” wall heat flux 
RSM Reynolds stress model 
Reθ momentum thickness Reynolds number, 𝑅𝑅𝑅𝑅𝜃𝜃 = 𝑈𝑈𝑖𝑖𝑖𝑖𝜃𝜃

𝜈𝜈
 

RSM Reynolds Stress Model 
s surface distance 
S blade span, or strain rate tensor 
St Stanton number, 𝑆𝑆𝑆𝑆 = ℎ

𝜌𝜌𝐶𝐶𝑝𝑝𝑈𝑈𝑖𝑖𝑖𝑖
  

T temperature 
Tu freestream turbulence level, 𝑇𝑇𝑢𝑢 = 𝑢𝑢′� /𝑈𝑈𝑖𝑖𝑖𝑖 
x,y,z cascade coordinates 
u, v, w mean velocity components in cascade coordinates 
uτ friction velocity, 𝑢𝑢𝜏𝜏 = �𝜏𝜏𝑤𝑤 𝜌𝜌⁄  
Uin magnitude of inlet streamwise velocity 
|𝑉𝑉| magnitude of mean velocity 
𝑉𝑉𝑠𝑠,𝑉𝑉𝑖𝑖 ,𝑉𝑉𝑧𝑧  velocity components in midspan coordinates 
 
Greek 
α thermal diffusivity, or turbulence model constant 
β mean flow angle, or turbulence model constant 
δ99 boundary layer thickness (99%) 
δij Kronecker delta 
θ momentum thickness  
µSGS subgrid-scale turbulent viscosity 
µt turbulent viscosity 
ν kinematic viscosity 
ρ density 
σ turbulence model constant 
τw wall shear stress 
ω specific dissipation 
 
Superscript/Subscript 
+ inner coordinates 
′ fluctuating component 
�  time-average 
w wall quantity 

 
LITERATURE REVIEW 

The secondary flow in a turbine cascade has been well 
studied in a time average sense, both experimentally and 
computationally. Early works [1-5] identified major flow 
structures generated in the airfoil passage, including the 
horseshoe vortex upstream of the leading edge, the passage 
vortex, suction side and pressure side corner vortices, and the 
trailing shed vorticity. These are strongly linked to aerodynamic 

losses [1, 5-7] and high endwall heat transfer [8-13]. It is 
desirable to minimize secondary flows, and many active 
(blowing) [14, 15] and passive mechanisms (fillets [16, 17], 
endwall contouring [12, 18-23], fences [24, 25]) have been 
investigated, with varying degrees of success.  

The state of the endwall boundary layer in a turbine passage 
is rather complex and likely transitional, which complicates 
predictions of secondary flow but even more so the surface skin 
friction and heat transfer. Hot-wire measurements by Langston 
[1] indicated a thin laminar-like boundary layer on the endwall 
downstream of the inlet boundary layer separation. Hot-film 
signals obtained downstream of the horseshoe vortex separation 
by Harrison [26] and Vera [27] exhibited much lower RMS 
values as compared to the upstream turbulent boundary layer, 
suggesting laminar-like flow.  Holley and Langston [28] also 
reported low friction coefficients in this region, consistent with 
laminar flow. Laser Doppler velocimeter measurements by 
Lynch [29] suggested laminar boundary layer profiles near the 
exit of the cascade, although the measurements were limited in 
near-wall resolution. 

Predictions of secondary flow effects using RANS 
approaches have had mixed results depending on the parameter 
of interest. Many researchers [5, 22, 30, 31] find that RANS can 
adequately predict the development of the mean secondary 
flowfield but struggles to predict aerodynamic losses in the 
secondary flow region, due to misprediction of mixing. Likely 
this is due to the complexity of the endwall flow; Lien and 
Leschziner [32] modified a k-epsilon turbulence model to enable 
transitional behavior tuned to a flat plate but still overpredicted 
aerodynamic losses due to early transition prediction in the blade 
passage.  

More recently, computational studies have moved toward 
predictions of turbine flow using higher-fidelity approaches. Rao 
et al. [33] simulated the transition process of the suction side 
boundary layer in a low pressure turbine in the presence of 
freestream turbulence and wakes using LES. A series of studies 
by Gross et al. [34-36] used implicit LES to model endwall 
secondary flow in a high lift low pressure turbine. A particularly 
interesting finding of [37] is the intermittent breakdown of the 
passage vortex as triggered by the horseshoe vortex at the blade 
leading edge. Cui et al. [38] simulated low pressure turbine 
secondary flow using LES with three different inlet conditions 
(laminar boundary layer, turbulent boundary layer, and wake 
from upstream row) and found that the exit total pressure loss 
increased substantially for the turbulent and wake inlet 
conditions due to increased mixing. Reviews by Tucker [39, 40] 
considered the state of the art in RANS as well as the future 
outlook of scale-resolving simulations.  

The intent of this study is to investigate the improvement in 
predictions of endwall heat transfer and turbulent flow in a 
turbine cascade using a scale resolving simulation, as well as a 
Reynolds-stress modeling simulation of lower computational 
cost. Few studies to date have considered the ability of high-
fidelity CFD simulations to capture endwall heat transfer in a 
turbine passage. One possible reason is the dearth of complete 
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data sets that include inlet boundary conditions, surface 
measurements, and mean and turbulent flowfield quantities. 

 
COMPUTATIONAL METHODS 

Two turbulence modeling approaches were examined in this 
work: a steady Reynolds-stress model (RSM) previously 
reported by Lynch [29], as well as a time-resolved wall-modeled 
large eddy simulation (LES) approach. Both are compared to the 
experimental results reported in [12, 29, 41].  

The computational domain (see Figure 1) for both models 
were nearly the same, with the exception of the span dimension 
and the amount of grid upstream of the blade passage. For the 
RSM model, the domain inlet extended 3.5Cax upstream to 
capture some velocity boundary layer development prior to the 
start of the thermal boundary layer at 2.8Cax upstream, as was 
described in the experiment of Lynch et al. [12]. The airfoil span 
was exactly half of the experimental airfoil domain height 
(S=0.275 m) so that a symmetry condition could be used. For the  
LES model, the upstream length was reduced to 1.9Cax, and the 
span height was reduced to 0.2 m to minimize excessive cell 
count. These changes were not expected to impact the midspan 
static pressure distribution, since the span/chord ratio of the 
airfoil is very large. However, as will be shown, the reduced 
boundary layer development length does have an impact on the 
incoming conditions to the cascade. For both models, a 
symmetry plane was used at the airfoil midspan, and a constant 
heat flux of 1000 W/m2 was applied to the bottom wall (endwall). 
The sidewalls of the domain were periodic to simulate an infinite 
cascade, and all other walls (including the airfoil) were adiabatic 
no-slip walls, as per the experiment of Lynch et al. [12]. The 
cascade coordinate system origin is at the airfoil leading edge-
endwall junction, with x as the axial direction, y as the pitchwise 
direction, and z as the spanwise (normal to endwall) direction. 

The RSM model setup and details were also described by 
Lynch [29], so only a brief summary is given here. Because the 
experiment was operated in a low-speed wind tunnel with exit 
Mach ~0.04, the air is assumed to be incompressible but is 
modeled as an ideal gas to allow density changes with 
temperature. The steady incompressible Navier-Stokes equations 
in Reynolds-averaged form (Cartesian tensor notation, 1=x, 2=y, 
3=z) are: 
 𝜕𝜕𝑈𝑈𝑖𝑖

𝜕𝜕𝑎𝑎𝑖𝑖
= 0 Eq. (1) 

 𝑈𝑈𝑗𝑗
𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑎𝑎𝑗𝑗

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝑎𝑎𝑖𝑖

+ 𝜕𝜕
𝜕𝜕𝑎𝑎𝑗𝑗

�𝜈𝜈 �𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑎𝑎𝑗𝑗

+
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑎𝑎𝑖𝑖
� − 𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������� Eq. (2) 

 𝑈𝑈𝑗𝑗
𝜕𝜕𝑇𝑇
𝜕𝜕𝑎𝑎𝑗𝑗

= 𝜕𝜕
𝜕𝜕𝑎𝑎𝑗𝑗

�𝛼𝛼 𝜕𝜕𝑇𝑇
𝜕𝜕𝑎𝑎𝑗𝑗

− 𝑢𝑢𝚥𝚥′𝑇𝑇′������� Eq. (3) 

where Eq. (1) is continuity, Eq. (2) is the three momentum 
components, and Eq. (3) is the energy equation (viscous 
dissipation is not modeled due to the low Mach number). The 
Reynolds stress tensor terms in Eq. (4) are also modeled directly 
using the stress-omega formulation as implemented in Ansys 
Fluent [42]: 

𝑈𝑈𝑘𝑘
𝜕𝜕�𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′
��������

𝜕𝜕𝑎𝑎𝑘𝑘
= 𝜕𝜕

𝜕𝜕𝑎𝑎𝑘𝑘
��𝜈𝜈 + 𝜇𝜇𝑡𝑡

𝜌𝜌𝜎𝜎𝑘𝑘
�
𝜕𝜕�𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′
��������

𝜕𝜕𝑎𝑎𝑘𝑘
� − ��𝑢𝑢𝚤𝚤′𝑢𝑢𝑘𝑘′�������

𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑎𝑎𝑘𝑘

+

�𝑢𝑢𝚥𝚥′𝑢𝑢𝑘𝑘′������� 𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑎𝑎𝑘𝑘

� + �𝑝𝑝′ �𝜕𝜕𝑢𝑢𝚤𝚤
′

𝜕𝜕𝑎𝑎𝚥𝚥
+

𝜕𝜕𝑢𝑢𝚥𝚥′

𝜕𝜕𝑎𝑎𝚤𝚤
�

�����������������
� − �2

3
𝛿𝛿𝑖𝑖𝑗𝑗𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅∗ 𝑘𝑘𝑘𝑘� Eq. (4) 

The pressure-strain term (third bracketed term on the right) is 
modeled using a linear combination of the contribution of slow 
and rapid pressure-strain effects, while wall reflection effects are 
not necessary to model due to the use of the specific dissipation 
and its properties close to a wall (see [42] for details). The last 
bracketed term on the right side of Eq. (4) is the dissipation term 
based on the turbulent frequency (𝑘𝑘). Note that buoyancy 
production and rotation production terms are neglected here. The 
turbulent viscosity is: 
 𝜇𝜇𝑡𝑡 = 𝛼𝛼∗ 𝜌𝜌𝑘𝑘

𝜔𝜔
 Eq. (5) 

where 𝑎𝑎∗ is a damping coefficient for the turbulent viscosity 
enabling correct low-Reynolds number behavior very near the 
wall. Turbulent heat flux is determined by the Reynolds analogy: 
 −𝑢𝑢𝚥𝚥′𝑇𝑇′������ = 𝜇𝜇𝑡𝑡

𝜌𝜌𝜕𝜕𝑃𝑃𝑡𝑡

𝜕𝜕𝑇𝑇
𝜕𝜕𝑎𝑎𝑗𝑗

 Eq. (6) 

where 𝑃𝑃𝑃𝑃𝑡𝑡 is the default value of 0.85. Finally, the turbulence 
frequency 𝑘𝑘 needed for the Reynolds stress and turbulent 
viscosity is obtained from a transport equation: 

 𝑈𝑈𝑗𝑗
𝜕𝜕𝜔𝜔
𝜕𝜕𝑎𝑎𝑗𝑗

= 𝜕𝜕
𝜕𝜕𝑎𝑎𝑗𝑗

��𝜈𝜈 + 𝜇𝜇𝑡𝑡
𝜌𝜌𝜎𝜎𝜔𝜔

� 𝜕𝜕𝜔𝜔
𝜕𝜕𝑎𝑎𝑗𝑗
� + � 𝛼𝛼

𝜇𝜇𝑡𝑡
�2𝜇𝜇𝑡𝑡𝑆𝑆𝑖𝑖𝑗𝑗𝑆𝑆𝑖𝑖𝑗𝑗�� − [𝛽𝛽𝑖𝑖𝑘𝑘2] +

�2(1 − 𝐹𝐹1) 1
𝜔𝜔𝜎𝜎𝜔𝜔,2

𝜕𝜕𝑘𝑘
𝜕𝜕𝑎𝑎𝑗𝑗

𝜕𝜕𝜔𝜔
𝜕𝜕𝑎𝑎𝑗𝑗
� Eq. (7) 

All model constants and blending functions in the above 
equations are the default values in Fluent. 

ANSYS Fluent, version 18 was used to solve the above 
equations using a steady RANS approach. A segregated pressure-
based formulation, with the SIMPLE pressure-velocity coupling 
algorithm, was employed.  Spatial gradients were cell-based 
using the least-squares option, and all solution quantities were 
discretized using second-order upwinding. Convergence of the 
simulations was determined by three metrics: normalized 
residuals for the conservation equations had to reach values 
lower than 10-4 (10-6 for energy); area-averaged Nusselt number 
on the endwall had to change less than 0.1% over 500 iterations; 
and mass-averaged exit total pressure downstream of the blade 
had to change less than 0.1% over 500 iterations.  

As described in [29], a grid independence study was 
performed for the RSM model, and both the average endwall Nu 
and exit total pressure varied by less than 1% for mesh cell 
counts of 0.62, 1.2, and 3.1 million cells. The medium grid with 
1.2 million cells was used in this study. Per the requirements of 

Pressure 
outlet 

Endwall 

Velocity 
inlet 

Symmetry 

Periodic 

Figure 1. Computational domain. 
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the RSM stress-omega model, Δz+ values for the spacing of the 
first grid point from a wall surface was kept below 1 and 
boundary layer mesh inflation rate was kept to 1.2 or less. 

Boundary conditions for the velocity inlet at 3.5Cax 
upstream of the blade were determined by ensuring that the 
computational model prediction matched an experimentally 
measured velocity profile at 2.33Cax upstream of the blade. 
Further agreement with a measured profile at 1.0 Cax will be 
shown later. 

For the LES model, the implementation was the algebraic 
wall-modeled LES (WMLES) approach, where the lower part of 
the logarithmic region of the boundary layer uses a RANS model 
and the outer part of the boundary layer is modeled using LES. 
This reduces some of the strict requirements for streamwise and 
cross-stream grid resolution near the wall, although those were 
mostly maintained at levels appropriate for wall-resolved LES in 
this study. The mathematical formulation for the unsteady 
incompressible momentum equation is: 

 𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑡𝑡

+ 𝑈𝑈𝑗𝑗
𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑎𝑎𝑗𝑗

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝑎𝑎𝑖𝑖

+ 𝜕𝜕
𝜕𝜕𝑎𝑎𝑗𝑗

�𝜈𝜈 �𝜕𝜕𝑈𝑈𝑖𝑖
𝜕𝜕𝑎𝑎𝑗𝑗

+
𝜕𝜕𝑈𝑈𝑗𝑗
𝜕𝜕𝑎𝑎𝑖𝑖
�� − 1

𝜌𝜌

𝜕𝜕𝜏𝜏𝑖𝑖𝑗𝑗
𝜕𝜕𝑎𝑎𝑗𝑗

 Eq. (8) 

where 𝜏𝜏𝑖𝑖𝑗𝑗 is the subgrid-scale stress due to the non-resolved 
turbulent scales, which must be modeled. This term is computed 
by using the Boussinesq hypothesis to relate the stress to the 
strain rate from the resolved scales (𝑆𝑆𝑖𝑖𝑗𝑗) by a subgrid-scale 
viscosity: 
 𝜏𝜏𝑖𝑖𝑗𝑗 −

1
3
𝜏𝜏𝑘𝑘𝑘𝑘 = −2𝜇𝜇𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑖𝑖𝑗𝑗  Eq. (9) 

A similar type of term arises in the energy equation, which 
is the subgrid-scale turbulent heat flux. The subgrid-scale 
turbulent heat flux is approximated in Fluent using the gradient 
hypothesis:  
 −𝑢𝑢𝚥𝚥′𝑇𝑇′������ = 𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆

𝜌𝜌𝜕𝜕𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆

𝜕𝜕𝑇𝑇
𝜕𝜕𝑎𝑎𝑗𝑗

 Eq. (10) 

where 𝜇𝜇𝑅𝑅𝑆𝑆𝑅𝑅 is the subgrid-scale turbulent viscosity, and 𝑃𝑃𝑃𝑃𝑅𝑅𝑆𝑆𝑅𝑅 is 
the subgrid Prandtl number at a default value of 0.85. Finally, the 
subgrid-scale turbulent viscosity is calculated in the LES region, 
as well as in the RANS zone close to the wall, using a modified 
formulation of Shur, et al. [43]:  

𝜇𝜇𝑡𝑡
𝜌𝜌

= min �(𝜅𝜅𝑑𝑑𝑤𝑤)2, �𝐶𝐶𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑑𝑑𝑤𝑤�
2� ∗ |𝑆𝑆 − Ω| ∗ �1 −

exp [−(𝑦𝑦+ 25⁄ )3]� Eq. (11) 
where 𝑑𝑑𝑤𝑤 is the wall distance, and |𝑆𝑆 − Ω| is the absolute value 
of the difference between the strain rate magnitude and the 
vorticity magnitude. This particular formulation is known as the 
stress-omega variant. All constants in the models were left at the 
default values in Fluent. 

To comply with grid resolution requirements, the LES grid 
was significantly refined relative to the RSM model. The spacing 
of the first grid point from the wall (Δ𝑧𝑧+) was kept less than 1 
throughout the domain, and the streamwise (Δ𝑥𝑥+) and cross-
stream (Δ𝑦𝑦+) grid sizes near the endwall were reduced to a value 
of approximately 25, based on the inlet boundary layer friction 
velocity. Triangular cells were used to mesh the endwall face, 
and were extruded normal to that face along the airfoil span with 
an inflation ratio of 1.15 to construct prismatic cells. Because of 
computational resource limitations, the spanwise spacing away 
from the endwall was increased so that Δ𝑧𝑧+ was approximately 
85 near the symmetry plane. The overall mesh size was 44 
million cells, with the majority concentrated near the endwall. 
Figure 2 depicts the mesh at various locations around the 
domain. 

An unsteady inlet velocity field was generated using the 
spectral synthesizer available in Fluent, which is based on the 
random flow generation technique of Smirnov et al. [44]. A 
divergence-free velocity field is synthesized from random 
variation of 100 Fourier harmonics and added to the mean 
velocity. This method requires realistic velocity, turbulent kinetic 
energy, and specific dissipation profiles from a RANS solution 
to produce realistic “eddies”. In this study, the RSM model 
(which extended further upstream than the LES domain) was 
used to generate the inlet profiles for the spectral synthesizer. 
The mean temperature profile from the RSM model was also 
used as an input to the LES model, although no capability for 
unsteady inlet temperature fluctuation is currently available in 
Fluent. 

The LES model was solved in Ansys Fluent, version 18 
using the dual-time-stepping approach, with 30 subiterations per 
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Figure 2. Computational mesh for LES model. 
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timestep. These many subiterations were generally sufficient to 
reduce the residuals by 4 orders of magnitude. Spatial gradients 
of pressure and temperature (energy equation) were discretized 
using second-order upwinding, and momentum terms were 
discretized using bounded central differencing (essentially 
second-order accurate). Temporal derivatives were calculated 
using a bounded second-order implicit formulation. To ensure 
CFL numbers of 1 or lower through the domain, the timestep was 
set at 2x10-5 sec, which corresponds to a nondimensional value 
of Δ𝑆𝑆 ∗ 𝑈𝑈𝑖𝑖𝑖𝑖 𝐶𝐶𝑎𝑎𝑎𝑎⁄ =7.8x10-4 based on domain inlet velocity and 
blade axial chord, or Δ𝑆𝑆 ∗ 𝑢𝑢𝜏𝜏2 𝜈𝜈⁄ =0.14 based on the friction 
velocity at 1.0Cax upstream of the blade. The instantaneous 
solution was initialized from a steady solution and run for 
approximately two flow-through times before beginning data 
sampling. Approximately eight flow through times were 
captured after data sampling was activated. The inlet boundary 
layer mean and RMS velocity profile, the spatial distribution of 
the time-mean endwall heat transfer coefficient, and the time-
mean and RMS velocity field at the cascade exit were compared 
between the sixth and eighth flow through times and exhibited 
small variations indicating temporal convergence. For example, 
the mean x-velocity varied by less than 0.9%, and the RMS x-
velocity varied by less than 2%, in the passage vortex core 
location at 1.03Cax downstream of the leading edge plane.  

 
VALIDATION 

The measured inlet boundary layer profiles at 1.0Cax 
upstream of the blade inlet plane are compared to the two 
computational models in Figure 3. The mean velocity magnitude 
(two-component, based on u and v) is plotted in both outer 
coordinates based on boundary layer thickness and freestream 
velocity, as well as on inner coordinates based on friction 
velocity. The turbulent kinetic energy profile is also shown, in 
inner coordinates. The RSM model agrees very well to the 
experimental data for the mean velocity profile, and also 
reasonably predicts the turbulent kinetic energy profile in the 
boundary layer, but dramatically overpredicts the turbulence in 
the freestream. The cause of this is not exactly clear, but the 
determination of the turbulence length scale in the RSM model 
is based on the 𝑘𝑘 − 𝑘𝑘 formulation, which has known sensitivity 
to freestream boundary conditions. Unfortunately a dissipation 
boundary condition is not available from the experiments. The 
mean velocity profile from the LES model shows a similar trend 
to the experiments, but has some slight deviation probably due 
to a development length that is not quite sufficient to establish 
the same boundary layer maturity as the RSM model. Also, the 
fall-off of the turbulent kinetic energy in the log region of the 
boundary layer is more rapid for the LES model than observed 
in the experiment. This unfortunately may be due to the switch 
between the RANS-dominated zone right near the wall, and the 
LES-dominated zone away from the wall, which may need to be 
refined (although outside the scope of this work). However, the 
prediction of the freestream 𝑘𝑘 from the LES model matches well 
to the experiment. 

Table 1 compares the computed inlet boundary layer 
parameters at 1.0Cax upstream to the experiment of Lynch [45]. 

Both computational models predict smaller boundary layer 
thicknesses and momentum thickness Reynolds numbers than in 
the experiment, which may have a slight impact on the 
development of the secondary flow in the blade passage.  

The airfoil midspan nondimensional static pressure as a 
function of surface distance from the airfoil leading edge is 
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Figure 3. Comparisons of the predicted boundary layer 
at x/Cax=-1.0 to the experiment of Lynch et al. [45]. 
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shown in Figure 4 for the experiment and the two models. In 
general, there is very good agreement over most of the airfoil 
surface, with some deviation on the aft suction side beyond 
𝑠𝑠 𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡⁄ =0.6. A closer inspection of the suction side flowfield at 
midspan can be seen in Figure 5. Here, it is clear that the wake 
of the airfoil for the LES model is larger than for the RSM model. 
The reasons for this are not exactly clear, but the large spanwise 
grid spacing near midspan may result in under-resolution of the 
suction side boundary layer; also, the LES model tended to damp 
out freestream turbulence in the blade passage, which normally 
would trigger transition to a turbulent boundary layer. 

 
Table 1: Inlet boundary layer parameters at x/Cax=-1.0 

Variable Experiment 
[45] 

RSM LES 

𝑈𝑈𝑖𝑖𝑖𝑖 [m/s] 8.51 8.58 8.61 
𝑢𝑢𝜏𝜏 [m/s] 0.388 0.381 0.344 
𝛿𝛿99 [mm] 53.5 48.7 39.9 
𝜃𝜃 [mm] 3.7 3.2 3.0 
𝑅𝑅𝑅𝑅𝜃𝜃 2004 1679 1576 
𝑇𝑇𝑢𝑢 4.9% 5.9% 4.4% 

 
RESULTS 

A qualitative description of the cascade secondary flow 
features predicted by the LES model is first described, followed 
by comparisons of endwall shear and heat transfer. The flowfield 
comparisons include both planes in the passage, as well as 
detailed boundary layer profiles of mean and fluctuating velocity 
components.  

 
Overall Flowfield 

To visualize endwall flow structures, an isosurface of q-
criterion was computed at a time instant from the LES model. q-
criterion is the second invariant of the velocity gradient tensor 
[46], and is a commonly used metric to identify turbulent 
features. Figure 6 shows several views of the cascade, with 
isosurfaces of q-criterion colored by instantaneous velocity 

magnitude. The value for the q-criterion isosurface level 
(q=50,000) was selected to best depict the vortex structures in 
the incoming boundary layer as well as the wake shedding from 
the airfoil trailing edge. The canonical hairpin vortex structures 
of a turbulent boundary layer are present upstream of the cascade 
and are randomly distributed. Just into the passage, the structures 
are turned by the pitchwise pressure gradient and appear to be 
elongated in the direction of the endwall secondary flow from 
pressure to suction side. This aligns the hairpin vortices with the 
flow direction, which might be expected to significantly change 
the nature of the turbulence. Several of the vortices are bundled 
up into a larger swirling structure which is the passage vortex 
that moves toward the minimum pressure point on the suction 
side, and then climbs along the suction side of the blade. Further 
into the passage, there is a noticeable lack of turbulent vortex 
structures, which could be due to the choice of the q-criterion 
level but is consistent with the understanding that this region may 
have a laminar-like boundary layer developing on the endwall 
downstream of the passage vortex. The back view of the cascade 
shows the merger of the passage vortex with the regular wake 
shedding from the airfoil trailing edge. At the time of this writing 
there was not enough data to determine if the secondary flow 
“synchronizes” to the airfoil wake shedding, but this is an 
interesting point that has not previously received attention, to the 
author’s knowledge. 

 
Endwall Shear and Heat Transfer 

The experiment of Lynch [12] included an oil flow 
visualization of the endwall flow, which is compared to the 
computational models in Figure 7. The experimental result was 
low contrast, so nominal streaklines were drawn to emphasize 
the wall shear pattern. It should be noted that the accuracy of oil 
flow visualization in indicating endwall flow direction can be 
suspect around three-dimensional separations, but is considered 
a reasonable approximation. For the computational models, the 
quantitative friction coefficient is shown in contours, and 
endwall streaklines are determined by the wall shear vector 
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Figure 4. Static pressure coefficient at midspan compared to 
Lynch et al [45]. 
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Figure 5. Time-average suction side flowfield at midspan, 
showing thicker suction side boundary layer for LES. 
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directions and seeded in approximately the same locations as the 
experimental streaklines. In the experiment, there is a clear 
region upstream of the airfoil leading edge that is the incoming 
endwall separation (saddle point). The saddle point is associated 
with zero friction in the computational studies, and both cases 
indicate good agreement in its location upstream of the leading 
edge. There is also a cleared region in Figure 7a which is most 

likely a low shear region caused by the upwash of the passage 
vortex. During the experiment, the oil pooled along this line and 
was swept downstream. In the computations, this appears as a 
kink in the endwall shear contours. The kink appears to be 
slightly further into the passage than indicated by the 
experiment, although the lack of comparable measurements (oil 
flow versus endwall friction coefficient) limits the interpretation. 

Both computational models indicate high shear near the 
suction side, around the minimum flow area (“throat”) in the 
passage. At this point, the passage vortex is large but close to the 
endwall and causes high scraping velocity. Further downstream 
along the suction side, the separation line moves slightly away 
from the airfoil-endwall junction due to the growth of a small 
suction side corner vortex as well as the displacement of the 
passage vortex away from the wall. One of the more significant 
but subtle differences between the RSM and LES models is the 
wall shear right at the suction side airfoil-endwall corner close to 
the trailing edge. The RSM result in Figure 7b indicates low wall 
shear due to separated flow under the passage vortex. However 
the LES model in Figure 7c shows a thin band of high friction 
coefficient. An instantaneous snapshot of the wall shear in Figure 
7d gives a possible explanation for this difference. A significant 
variation in instantaneous shear levels is seen along the aft 
suction side-endwall junction, which would manifest as high 
unsteadiness and increase the local shear relative to the steady 
separated flow predicted by the RSM model. 

Nondimensional endwall heat transfer predictions 
(presented as 𝑆𝑆𝑆𝑆 number based on inlet velocity) are compared 
to the experiment of Lynch, et al. [12] in Figure 8. The white 
dashed line overlaid on the experimental results is an inviscid 
streamline passing through the midpitch of the passage at the 
leading edge plane, and is used to extract direct comparisons in 
Figure 9. In Figure 8, there are several important features of the 
endwall heat transfer that are generally captured. First, the 
predictions indicate high heat transfer at the airfoil-endwall 
junction in the lee of the pressure side, as seen in the experiment. 
Also, heat transfer levels are high around the trailing edge. 
However, both computational models indicate higher heat 
transfer midway into the passage than seen in the experiment. 

(a) (b) (c) 

Figure 6. Instantaneous isosurfaces of q-criterion for (a) forward view, (b) aft view, and (c) under-endwall view (transparent 
endwall). 

𝐶𝐶𝑓𝑓 
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Figure 7. (a) Endwall oil flow from the experiments of 
Lynch et al. [12], compared to endwall shear predictions. 
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The steady RSM model clearly predicts sharp gradients around 
the passage vortex path, which are smoothed out in the LES 
results due to overall unsteadiness of that flow. As was seen in 
the friction results, the RSM model predicts low heat transfer all 
along the aft suction side, whereas the LES model has increased 
heat transfer (more similar to the experiment) on the suction side 

trailing edge due to flow unsteadiness. Finally, both models 
overpredict the persistence of high heat transfer in the wake of 
the airfoil, relative to the experiment.  

Figure 8d and e provide some unique information about the 
unsteadiness of the heat transfer in endwall secondary flows. 
There is significant spatial variation of the instantaneous heat 
transfer near the lee of the pressure side where mean heat transfer 
is high; the impact of this is reflected in the RMS of the 
fluctuating heat transfer, which is highest at that point of the 
endwall. In fact, the RMS of the fluctuation is up to 38% of the 
mean heat transfer. Even in the middle of the passage, 
fluctuations can be 20% of the mean heat transfer value, due to 
secondary flow unsteadiness. 

A quantitative comparison of mean heat transfer along the 
path in Figure 8a, where the abscissa is x-coordinate normalized 
by axial chord, is shown in Figure 9. Also included is the 
variation in heat transfer from the LES result, where the local 
RMS fluctuation level is added to the local mean value. The 
computations slightly underpredict the incoming surface heat 
transfer relative to the experiment, due to the differences in the 
approach momentum and thermal boundary layer thicknesses. 
Both the LES and the RSM model predict higher heat transfer in 
the passage between 0.4-1.1Cax. This is approximately the region 
where the incoming turbulent boundary layer separates and there 
is a distinct lack of turbulent vortex structures in Figure 6c. If 
this region is truly a laminar flow region, then the turbulence 
modeling approaches of the RSM and the wall-modeled LES 
may not be able to adequately predict the heat transfer. Or, note 
that both models still use the Reynolds analogy to determine the 
turbulent heat flux in the near-wall region. It is not clear that the 
gradient diffusion hypothesis, or a singular value of turbulent 
Prandtl number, is appropriate in this region of highly three-
dimensional, laminar-like flow. 

 
Passage Flowfield Comparisons 

Mean and turbulent flowfield measurements were obtained 
with a laser Doppler velocimeter at two axial planes in the study 
of Lynch and Thole [41] and Lynch [29]. The axial planes are 

(e) LES, fluctuating 
𝑆𝑆𝑆𝑆′��� 

(c) LES, mean  

(b) RSM  

(d) LES, instantaneous  

𝑆𝑆𝑆𝑆 

(a) Experiment 

Figure 8. Endwall heat transfer from experiment of Lynch, et 
al. [12], compared to predictions. 
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located at 0.2Cax and 1.03Cax from the leading edge plane (see 
Figure 7), to capture the initial development of the secondary 
flow and the nearly-complete development as it exits the blade 
passage. In addition, detailed boundary layer traverses were 
performed at discrete locations within these planes to capture the 
near-wall behavior around the secondary flow. 

For a given pitchwise location in a measurement plane, the 
velocity in x-y-z coordinates is transformed into a coordinate 
system aligned with the local inviscid flow direction (obtained at 
midspan). Then, vectors are plotted with velocity components 
normal to this direction (𝑉𝑉𝑖𝑖) and aligned with the span direction 
(𝑉𝑉𝑧𝑧), which more clearly show the secondary flow not aligned 
with the inviscid flow direction. Figure 10 shows a comparison 
of the secondary flow vectors overlaid on contours of streamwise 
velocity. Note that the experimental measurements do not quite 
cover the passage due to optical access limitations. Also, the 
white dashed line on the figure indicates the location of an 
endwall boundary layer profile described later in Figure 12. 

There is generally good agreement in streamwise velocity 
magnitude and secondary flow pattern between the 
measurements and predictions in Figure 10, but some important 
distinctions are noted. First, the measured position of the passage 
vortex core (as determined by the center of the swirling feature) 
is at y/P=0.25, whereas both models predict the core to be at 
y/P=0.28. This explains the slight differences in the passage 
vortex trajectories, and the subsequent differences in endwall 
heat transfer, observed earlier. Also, the vortex core is further 
from the endwall; z/S=0.05 for the experiment versus z/S=0.03 
for the models. 

Normalized turbulent kinetic energy (𝑘𝑘) at 0.2Cax, overlaid 
with time-average secondary flow vectors, is shown in Figure 11. 
The high fluctuations under the time-average position of the 
passage vortex are manifested as high 𝑘𝑘 levels. There is more 
discrepancy between the measurements and the predictions in 
this figure, with the measurements indicating high levels of 
turbulence broadly distributed over the endwall. The RSM model 

(a) Experiment [41]  (b) LES  (c) RSM  

𝑉𝑉𝑠𝑠
𝑈𝑈𝑖𝑖𝑖𝑖

 

Figure 10. Mean secondary flow vectors overlaid on contours of mean streamwise velocity. 

(a) Experiment [41]  (b) LES  (c) RSM  
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𝑈𝑈𝑖𝑖𝑖𝑖2
 

Figure 11. Contours of turbulent kinetic energy overlaid with mean secondary velocity vectors. 
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also shows a distribution of 𝑘𝑘, but the turbulence associated with 
the passage vortex is very concentrated. The LES model slightly 
overpredicts the peak 𝑘𝑘 but generally gets the distribution under 
the vortex core correct. Examination of successive snapshots of 
the instantaneous velocity (not shown) indicates wandering of 
the passage vortex along the endwall, which results in the broad 
distribution of 𝑘𝑘. In addition, the LES model resolves the high 𝑘𝑘 
in the suction side vortex on the right side of the plane.  

Boundary layer profiles of mean and fluctuating velocities 
were obtained along the white dashed line in Figure 10a, and are 
plotted using inner coordinate scaling in Figure 12. Note here 
that the velocities are in the blade cascade coordinate system 
(u,v,w). The predictions of the mean u-velocity (𝑢𝑢+) and v-
velocity (𝑣𝑣+) show reasonable agreement between the models 
and the experiment, except perhaps for the LES model which 
predicts a slightly lower 𝑢𝑢+ in the freestream. However, there are 
some interesting discrepancies in the normal Re stress terms in 
Figure 12c. There are particularly high 𝑢𝑢′𝑢𝑢′������+ and 𝑣𝑣′𝑣𝑣′������+values 
around a 𝑧𝑧+ of 100, which are associated with the high 𝑘𝑘 levels 
of the passage vortex discussed earlier. The RSM model does not 

distinguish a difference between the peak u and v fluctuations, 
but gets the peak 𝑣𝑣′𝑣𝑣′������+values correct and underpredicts the 
𝑢𝑢′𝑢𝑢′������+peak. The LES model predicts more anisotropy in the Re 
normal stresses than the RSM model, but does not predict the 
peak values or even the correct relative ranking. Both models 
seem to reasonably predict the Re shear stresses associated with 
the u-direction fluctuations (𝑢𝑢′𝑣𝑣′������+,𝑢𝑢′𝑤𝑤′������+), but overpredict the 
Re stress associated with the cross-stream-wall-normal 
fluctuations (𝑣𝑣′𝑤𝑤′������+). This stress is related to the turbulent 
actions of the hairpin vortex structures being turned toward the 
suction side by the cross-passage pressure gradient (see Figure 
6c). As found by other researchers [47, 48], this significant flow 
three-dimensionality can impair the ability of the hairpin 
structures in generating turbulence. 

Figure 13 shows secondary flow vectors and contours of 
streamwise velocity for the exit plane at 1.03Cax. The wakes of 
the airfoils are visible as low-streamwise velocity regions, and 
the passage vortex is now a larger feature toward the right of the 
figures. The black dashed line indicates the projected trailing 

Figure 12. Boundary layer profiles along the white line in Fig. 10a, for Lynch [29] and the computational models. 
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edge location of the airfoil along the inviscid flow direction; the 
region to the left of a black dashed line is the airfoil suction side 
and the region to the right is associated with the pressure side. 
The white dashed line is the location for boundary layer profiles 
described in Figure 15. 

Figure 13 shows less satisfactory agreement between the 
various modeling cases and the experiment with regards to 
streamwise velocity magnitude, with underprediction in the 
secondary flow region and the airfoil wake, even at midspan. As 
described earlier, the suction side boundary layer in the LES 
model is thicker than expected from the experiment, although it 
should be noted that this analysis plane is located in a region of 
high streamwise gradients right near the trailing edge and slight 
variation in position can impact the conclusions. The LES model 
seems to get the position of the time-average passage vortex core 
reasonably well, but the RSM model passage vortex is too far 
toward the suction side relative to the experiment. Another area 

where the LES prediction is better than the RSM is near the 
suction side airfoil-endwall corner at y/P=0.8-1.0. As previously 
discussed, the unsteadiness in this region is better captured by 
the LES approach. 

Normalized turbulent kinetic energy contours with overlaid 
time-mean secondary flow in Figure 14 actually indicate an 
overprediction of 𝑘𝑘 near the suction side-endwall corner for the 
LES model relative to the experiment. In contrast, the RSM 
model significantly underpredicts 𝑘𝑘 in that region which explains 
the poor prediction of friction and heat transfer described earlier. 
The LES model also overpredicts peak 𝑘𝑘 in the strong spanwise-
oriented vectors at the edge of the passage vortex; secondary 
flow theory for turbines suggests that this region contains some 
of the suction side airfoil boundary layer fluid entrained by the 
passage vortex. The overprediction of the suction side boundary 
layer thickness in the LES model likely contributes to the high 𝑘𝑘 
seen here. 

(b) LES  

𝑉𝑉𝑠𝑠
𝑈𝑈𝑖𝑖𝑖𝑖

 

(c) RSM  (a) Experiment [45] 

Figure 13. Mean secondary velocity vectors overlaid on mean streamwise velocity contours at x/Cax=1.03. 

(a) Experiment [45]  (b) LES  (c) RSM  
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Figure 14. Turbulent kinetic energy contours overlaid with mean secondary velocity vectors at x/Cax=1.03. 
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Boundary layer mean and fluctuating velocity profiles are 
extracted at the location indicated by the white dashed line in 
Figure 13 and compared to the experiment in Figure 15. The 
coordinates are again based on the cascade coordinate system 
and results are normalized using inner coordinates. Although the 
magnitudes of 𝑢𝑢+ and 𝑣𝑣+ are very different between the various 
models, this is an artifact of different friction velocity values at 
this location. The RSM model overpredicts friction velocity 
(resulting in low 𝑢𝑢+ and 𝑣𝑣+), while the LES model underpredicts 
friction velocity. Reynolds normal stress terms in Figure 15c are 
not so well predicted by either model, although the trend of high 
𝑣𝑣′𝑣𝑣′������+below 𝑧𝑧+=30 seems to somewhat follow the experiment 
(no data was possible below that 𝑧𝑧+). Reynolds shear stresses are 
moderately well predicted by the LES model below 𝑧𝑧+=700, 
even showing the small peak in 𝑢𝑢′𝑣𝑣′������+ at 𝑧𝑧+=30. These would be 
correlations between fluctuations in a plane parallel to the wall, 
possibly associated with wandering of the passage vortex which 
is right above this location.  

 

CONCLUSIONS 
This study presented comparisons of a steady Reynolds 

stress model (RSM) and a wall-modeled large eddy simulation 
(LES) model to experimental measurements of endwall heat 
transfer and mean/turbulent flow in a low pressure turbine 
cascade. The LES model did not improve predictions of time-
average heat transfer, but did indicate the importance of 
modeling the unsteady nature of secondary flow which cannot be 
predicted in a steady approach. Turbulence quantities in the 
forward part of the passage were better predicted by LES than 
RSM, but were overpredicted toward the exit of the passage due 
to an artificially thick suction side boundary layer in the LES 
model.  

More work remains to determine which specific model 
features in the LES are responsible for the misprediction of 
endwall heat transfer. Certainly the high skew in a turbine blade 
passage is difficult for wall-modeling approaches to capture, 
since the turbulence is significantly anisotropic. A more careful 
dataset with detailed measurements throughout the developing 
skewed turbulent boundary layer, as well as in the laminar-like 
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Figure 15. Boundary layer profiles along the white line in Fig. 13, for the experiment of Lynch [29] and the computational 
models. 
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or transitional region downstream of the passage vortex, is 
recommended. 

Future work should consider the total pressure losses from 
the LES approach, and investigate ways to reduce the thickened 
suction side boundary layer so that the midspan wake 
measurements more closely match the experiment. Also, any 
temporal alignment between the horseshoe vortex breakdown, 
aft suction side corner flow, and the wake shedding frequency 
should be investigated in more detail. 
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