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ABSTRACT  

 
Ceramic Matrix Composite (CMC) with environmental barrier 
coating can tolerate significantly higher temperatures compared 
with the conventional metal alloy blades and thus can help 
achieve higher thermal efficiency in gas turbine engines. Due to 
the complex fabrication process of CMC blades, larger blade 
trailing edge thicknesses and larger leading-edge radii of 
curvature are expected. These features significantly alter 
aerodynamic performance especially near the trailing edge and 
thus the loss profile. In previous studies, the authors used the 
large eddy simulation (LES) as well as the Reynolds Averaged 
Navier-Stokes (RANS) coupled with an intermittency function-
based transition model to simulate an aerodynamics 
performance of three different CMC blades and compared the 
predictions against the data acquired at NASA Glenn Transonic 
Turbine Blade Cascade Rig. Although we were able to 
successfully predict different characteristics of aerodynamic 
performance among three different blades (e.g., pressure 
loading and integrated losses), LES consistently predicted a 
small recirculation bubble at the end of the suction side. This 
was not inconsistent with the physics of the flow, but the pressure 
loading, locally, near the trailing edge, and as a result, the 
measured wake profiles did not match the experimental data. To 
delve further into these issues, a new LES grid with a much finer 
mesh near the trailing edge was generated where the spanwise 
extent of the grid was increased by 50%. An LES simulation for 
the CMC blade with the largest trailing edge thicknesses at the 
high-freestream turbulence (Tu=13%) condition showed that 
using such a mesh is necessary for LES to accurately capture the 
transition phenomena on the suction side. The resulting total 
pressure coefficient profile and the shift of the wake profile were 
greatly improved. 
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NOMENCLATURE 
 
AUSM Advection Upstream Splitting Method 
BC  Boundary Condition 
CFD Computational Fluid Dynamics 
CMC             Ceramic Matrix Composite 
Cx  axial chord  
FST  Freestream Turbulence 
h  span  

           ℎ!   spanwise boundary layer thickness   

Ls,0, Ls,1 axial location of upstream and downstream   
                      measurement stations 0 and 1          
LDKM Localized Dynamic Kinetic Model 
LES  Large-Eddy simulation 
LPT  Low-pressure Turbine 
K-H  Kelvin-Helmholtz 
Ma  Mach number  
RANS Reynolds-Averaged Naiver-Stokes 
Re   Reynolds number 
TKE turbulence kinetic energy 
Ts  turbulent length scale  
Tu  turbulence intensity  
u, v, w velocity component  
X, Y, Z  Cartesian coordinate  
b  Inflow flow angle 
     

SUBSCRIPTS 
 

0  upstream location 
1  downstream location  
in   Based on inlet conditions   
ex  Based on exit conditions 
rms   root mean square 
X  Axial  
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INTRODUCTION  
 

Ceramic Matrix Composites (CMC) play a critical role 
as a next generation of blade materials owing to their tolerance 
for higher temperatures and reduced weight. The improved 
temperature tolerance enables enhanced thermal efficiency by 
permitting higher turbine inlet temperatures and/or reduced 
cooling requirement. To take advantage of thermal characteristic 
of CMCs while maintaining the necessary strength, it may be 
necessary to modify the conventional design concepts for alloy 
blades by having a thicker trailing edge.  

Recently, Giel et al. experimentally studied the 
aerodynamics of the CMC blades and investigated the 
dependence of the profile loss against the free-stream turbulence 
(FST) intensity (Tu) and the Reynolds number (Re) [1] (See 
Fig.1). They varied the trailing edge thicknesses of 5%, 7% and 
9% of axial chord and thereby loadings (aft- (CMC5), mid- 
(CMC7), and front-(CMC9) loaded designs.) Those thicknesses 
correspond to those produced by 2 to 4 plies of CMC for the size 
of the blade considered. Two sets of experimental data were 
acquired at two different FSTs, Tu=0.5% and 13%. Primary 
findings are as summarized below: In the case with Tu=0.5%, 
CMC5 and CMC7 showed higher profile losses at low Reex 
(~300,000) than CMC9. As Re increased, the losses of all the 
blades decreased.  However, CMC9 showed the least reduction 
and had the largest loss at high Reex (>1000,000). For the high 
FST case, CMC9 had the highest loss regardless of Re, and the 
dependence of the loss on Re was less pronounced for CMC9. It 
was clearly demonstrated that each design of the blade showed a 
different degree of dependence on Re at different FST.  

In the past, there have been numerous numerical studies 
investigating the dependence of the losses on Re under different 
FST conditions. They mainly employ two simulation methods 
for this kind of application: the Reynolds-Averaged Navier-
Stokes (RANS) method and large eddy simulation (LES). For 
instance, Lyall, et al. [2], Keadle, et al. [3] and Arko-, et al. [4] 
used RANS to investigate the front- and aft-loaded designs at a 
relatively low FST (Tu~3.1-3.3%). It was reported that it was a 

challenge for RANS to accurately capture the suction 
side vortices caused by the separated shear layer using two-
dimensional simulations. Vázquez, et al.  [5] found that the loss 
decreased like Re-0.15 with increasing Re for the LPT blade 
(120,000< Re <315,000), which is a much weaker dependence 
than the reported values by Giel et al. [1] (Re-.76, Re-0.66 and Re-

0.31 for the aft-, mid-, and front-loaded).  Medic and Sharma [6] 
and Bolinches-Gisbert et al. [7] used LES to investigate the LPT 
blades with (Tu=4%) and without FST for 30,000 < Re < 
150,000 and Re ~ 50,000, respectively. Pichler et al. [8] 
performed a grid convergence study for LPT DNS at a 
Re=60,000 with the aim of resolving the background turbulence 
with 18, 72 and 200 million points. They found the coarsest grid 
did sufficiently well in producing the separation location, 
pressure distribution and the wake loss profile. They used a 
conventional T106A profile. 

 
Our previous studies conducted LES for 157,000<Re 

<314,500 using both RANS and LES at the high-FST (Tu=13%) 
[9]. It was demonstrated that both RANS and LES predicted the 
transition locations similarly and could capture the sensitivity to 
Re for the integrated loss coefficients of all the aft, mid- and 
front-loaded designs. However, as shown in Fig. 2 (a) and (b), 
there are still noticeable discrepancy seen between the 
predictions by LES and the data (the pressure loading and the 
wake profiles) in the front-loaded design. In the pressure loading 
profile (Fig.2 (a)), LES predicted a small bubble at the end of the 
suction side, leading to a ``kink’’ at x/Cx = 0.95. Also, there is a 
``shift’’ (Dy/Cx=0.05) between the wake profile and the data (see 

Inflow
(Ma1=0.311)

Exhaust (Ma2=0.743)

Turbulence 
Grid

Experimental setup

Sta.1

Sta.0

! =38.8o

Computational
domain (gray area)

FIG1( DONE)

FIGURE 1: OVERVIEW OF THE EXPERIMENTAL FACILITY 
AT NASA GRC [1] 

FIGURE 2: (a) MIDSPAN BLADE LOADING AND (b) WAKE 
PROFILE OF THE FRONT_LOADED BLADE [9] 

(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Fig.2 (b)). Although the authors rigorously followed the 
numerical setting and grid resolution requirements based on our 
past studies [10-11], these issues persisted. Please note that our 
past studies demonstrated that the over-estimated wake loss was 
due to an inadequate grid resolution, insufficiently resolving the 
momentum transport from the free stream turbulence while the 
pressure loading was accurately calculated.  

 
In this paper, we use the above validated numerical 

approach to predict the pressure loading and the wake profiles of 
the blade design (CMC9) with the thickest trailing edge and a 
front-loaded design. We ran at a high Re (=314,500) condition 
with a high FST (Tu=13%), hoping to resolve the 
aforementioned issues using the newly generated mesh. Two sets 
of the predictions using the original mesh (~20 million points) 
[9] and the new mesh (~50 million points) are compared.  

 
 

EXPERIMENTAL SETUP 
 
Figure 1 schematically shows the experimental facilities 

located at the NASA Glenn Transonic Turbine Blade Cascade 
Facility (CW-22) [1]. The clean and dry air is introduced from 
the GRC’s 40 psig combustion air system. The design Mach 

number at the inlet is 0.311, and the air passes through the 
turbulence grid designed to generate nearly isotropic turbulence. 
Some key geometrical and operational parameters are 
summarized in Table 1. The blades are located downstream with 
an incident angle, 𝛽=38.8 [deg]. Please note that the turbulence 
grid does not align against the blade row. Therefore, there is a 
noticeable pitchwise variation in Tu measured at Station 0 [12].  
The inlet turbulence intensity was 13% and the pitchwise 
variances was ± 2.6%. The boundary layer thicknesses 
normalized by the half of the span are 0.24 for this test case, and 
thus it is reasonable to assume that the end-wall effect might be 
negligible. Finally, the wake losses are measured at LS,1 =20% 
axial-chords downstream of the trailing edge of the blade 
(Station 1).  

The estimated measurement uncertainties of the pressure 
loading (Cp), the total pressure coefficient (Cptot) and the 
integrated kinetic energy loss coefficient (e2) are ±  0.046, 
±0.005  and ±0.004 .  The more detailed description of the 
experimental setup and the measurements are provided in [1] 

 
NUMERICAL SETUP 

 
As used in our previous study [9], we used the in-house 

code, Glenn-HT [13], which has been continuously developed 
over the past two decades at the NASA Glenn Research Center. 
It is an unsteady compressible Navier-Stokes solver that utilizes 
structured multi-block grids. The explicit four-stage Runge-
Kutta scheme is used for achieving the 2nd order temporal 
accuracy. The AUSM+-up scheme [14] coupled with the 
compact 2nd order limiter of the MUSCL scheme is used to 
evaluate the inviscid fluxes. To achieve turbulent closure for 
LES, the localized dynamic k-equation model (LDKM) proposed 
by Kim and Menon [15] is used for all test cases. The key idea 
of LDKM is that the model coefficients appearing in the Reynold 
stress as well as the turbulent kinetic energy equations are 
dynamically evaluated based on the assumption of the scale 
similarity [16]. To this end, we introduce two filters, the spatial 
filter (Δ) = (Δ𝑥Δ𝑦Δ𝑧)"/$ ) and the test filter (Δ0 = 2Δ) ). The 
validation tests of the current implementation of LDLM have 
been done [17-18].  

 
 

 

Geometry Value 
Chord, CX [in] 5.119 
Pitch, S [in] 5.119 
Span, h [in] 6.00 
Axial location of Sto 0, LS,0/CX -0.87 
Axial location of Sto1, LS,1/CX 1.20 
Inlet flow angle, b,  [deg.] 38.8 
Trailing edge metal angle,  q,  [deg.]         60.9 
Leading Edge Diameter, [in]          0.885 
Trailing Edge Diameter, [in]   
 

Operating Condition 
 
Pressure ratio 
Reex 
Turbulent intensity, Tu [%] 
Turbulent length scale, Ts/Cx 
 

0.46 
 
 

 
1.442 

314,500 
13 

0.02 
  

TABLE 1: GEOMETRYAND OPERATING PARAMETERS OF 
CMC BLADES [1] 
 

TABLE 2: STATICTISCS OF INCOMING TURBULENCE 

[12]
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Boundary Condition and Mesh 
 
 Operating condition is summarized in Table 1. 
Considering that the boundary layer thickness is 24% of the half 
of the span, we considered only the midspan section of the 
domain and used periodic boundaries in the spanwise direction. 
At the inlet, we used the digital filtering approach [19] to 
generate a realistic, time-dependent, inlet turbulence given Tu 
(=13 %) and Ts/Cx (=0.02). The characteristic of the inflow 
turbulence at X/Cx=-0.87 are summarized in Table 2. It is 
confirmed that u’rms/U0, v’rms/U0, and w’rms/U0 make up 
isotropic incoming turbulence in this setup and the cross-
components (u’v’, u’w’, and v’w’) are almost zero. Please note 
that the turbulence grid is not a part of this calculation and that 
the survey plane (Station 0) is not parallel to the turbulence grid. 
Therefore, there are some uncertainties associated with the 
measurements of the turbulence intensity and the length scales.    
 

Figures 3 (a) and (b) compares two grids, one is the original 
grid [9] (referred to as LES (20M) herein) and the other is the 
newly generated grid (referred to as LES (50M)). The figures on 
the top row and the bottom left show the block topology.  The 
key features of these two meshes are listed as follows: 
  
- The resolutions of the LES (20M) and LES (50M) meshes 

are ~20 million and ~50 million points. 
- For both meshes, the grid spacing near the wall is placed at 

1.25´10-6 [m]. As a result, y1+ is close to unity over the 
blade. In the midspan wall region, on the average, x1+ value 
is of ~10 and z1+ is of ~20. 

- The span of the domain is 0.2´Cx and 0.3´Cx for the LES 
(20M) and LES (50M) meshes.  

- In the upstream region, the grid topology and resolutions are 
the same for both meshes. We calculated the well-known 
Pope criterion and found that it is less that 0.1 over most of 
the freestream region. In addition, the power spectral density 
of the normalized axial velocity component was calculated, 
and it was confirmed that the spectral slope followed the 
Kolmogorov -5/3 law [9].  The mesh resolution in the 
upstream region seems to be adequate to resolve the 
incoming high FST. 

- Near the end of the suction side and the trailing edge, we 
locally increased the grid resolution for the LES (50M) grid 
three times more than the LES (20M) grid. This local 
refinement minimizes the increase of the total mesh count. 

 
Recently Lee et al. [20] have investigated the effect of span of 
the computational domain (in quasi-three-dimensional LES 
computations) on the computed loss predictions. It was shown 
that the effect of the extent of the span of the computational 
domain is important especially for the large angle of attack. It is 
worth mentioning that the large trailing edge diameter (=0.46 
[in]) is comparable to the half of the span of the grid, LES (20M) 
so that it could be possible that large structures of the flow field 
cannot be accurately resolved when using such a mesh.     
 
RESULTS 
 

We used 480 processors on Pleiades at NASA 
Advanced Supercomputing facilities to perform LES 

FIGURE 3: TOPOLOGY OF MESH (BLOCK BOUNDARY) AND MESH NEAR THE TRAILING OF (a) LES (20M) AND (b) LES (50M)  

(a) LES (20M)                                                                          (b) LES (50M)   
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calculations. The overall computational time for LES is about 
150,000 CPUs. 
 
Unsteady Flow Fields 
 

Figures 4 (a)-(c) show the instantaneous profiles of the 
gradient of the normalized density, the total pressure and the total 
turbulent kinetic energy (TKE) (i.e., a sum of the resolved and 
unresolved turbulent kinetic energy) using the LES (50M) mesh.   
The small-scaled eddies generated at the inlet are propagating 
and elongated through an acceleration on the suction side. It is 
observed that the relatively large-scale turbulent structures 
remain in the downstream of the suction side.  The boundary 
layer looks to be stable all along the suction side. Another 
interesting feature of using this blade with a large trailing edge 
diameter is to form a large recirculation zone. Unlike the low-
Reynolds number case [9], this recirculation zone is not 
disturbed.  

Figures 5 (a) and (b) show the instantaneous contours 
of the unresolved TKE using the LES (20M) mesh and LES 
(50M) mesh. When using the LES (20M) mesh, the stable 
laminar boundary layer is formed and then, the thick and wavy 
boundary layer edge develops. When using the LES (50M) mesh, 
the turbulent motions are resolved more. In fact, it is observed 
from Fig. 5 (b) that the unresolved TKE reduces. The suction 
side boundary layer appears to have transitioned into a turbulent 
boundary layer near the trailing edge, which is evidence by the 
sudden increase in the unresolved TKE (see the red-dotted circle 
in Fig. 5 (b)). In Figs. 6 (a) and (b), we compare the vorticity 
magnitude at different axial locations (X/Cx = 0.75, 0.8, 0.85, 0.9, 
0.95 and 1.0) using two different grids. Although the profiles in 
the freestream region look similar to each other, there are some 

noticeable differences in the vicinity of the wall. Increasing the 
grid count seems to resolve more active turbulent motions above 
the boundary layer  (for instance, please compare two profiles at 
X/Cx=0.9) As a result, the boundary layer seems to have been 
perturbed more. At X/Cx = 0.95, the transition to the turbulent 
boundary later takes place, and subsequently, a very thin, 
turbulent boundary layer is observed at X/Cx=1.0.  Using the LES 
(20M) mesh, there is a recirculation bubble underneath the 
boundary later at X/Cx = 0.95.  In our previous studies [11], we 
demonstrated that when using a coarser mesh (or a lower-order 
scheme), boundary layer separation on the suction side occurs 
due to lack of turbulence production inside the boundary layer, 
which tends to be less resolved. In addition, the momentum 
transport from the free stream turbulence, which energizes the 
boundary layer, could be underestimated. Finally, although it is 
found that some of the large eddies are as large as the span, since 
the wake is spanwise uniform, it suggests that an increase of the 
computational domain in the span direction of the computational 
domain seems to have been unnecessary.  

X/Cx=0.75

X/Cx= 0.8 

X/Cx= 0.85 

X/Cx= 0.9 

X/Cx= 0.95 

X/Cx= 1.0    

X/Cx=0.75

X/Cx= 0.8 

X/Cx= 0.85 

X/Cx= 0.9 

X/Cx= 0.95 

X/Cx= 1.0    

LES (20M) LES (50M)

Recir. bubble 
underneath the BL

Transition to 
turbulent BL

２つのメッシュで実際に、違いが見える！！

Log(Vor. Mag.)
100

0.1

FIGURE 6: CONTOUR OF VORTICITY MAGNITDE AT 
X/Cx=0.75, 0.8, 0.85, 0.9, 0.95 and 1.0 USING (a) LES (20M) and (b) 
LES (50M) MESHES 

Total TKE

mag. 
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FIG5 ( DONE)
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AND TOTAL TURBULENT KINTIC ENRGY AT THE MIDSPAN 
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Figure 7 shows the three-dimensional view of the 
contour-surfaces of Q-criterion (=1) colored by the total 
pressure, which depict the transition phenomena near 
the trailing edge.  There are distinct features such as 
vortex roll-up near the trailing edge and the hairpin 
vortices that are developed downstream. In the 
downstream region, the large structures (so-called Von 
Karman (V-K) vortices) are formed. When using the 
LES (50M) mesh (See Fig.7 (b)), there are much more 
small-scaled structures, which are coupled with the 
large structures. Also, it is observed that the small-
scaled disturbances start developing further upstream 
and then break down near the trailing edge. This 
qualitatively confirms that bypass transition to the 
turbulent boundary layer takes place when the grid is 
further refined and not transition due to separation 
reattachment. There is no noticeable difference in the 
flow field in the spanwise direction. The flow in Fig. 
7(b) shows that the large eddy structure in the wake is 
quite two-dimensional and that the eddy size is not 
changed from the 20M case.  An increase in the grid 
resolution has had a noticeable impact on the small-
scaled flow fields but not on the large-scaled flow 
fields.  We conclude from the foregoing that the 
increase in the size of the span was not required and the 
refinement of the grid in the downstream/wake of the 
suction side is responsible for the improvements in the 
quality of the simulation. 
 

Time-Averaged Flow Fields 
 

In this subsection, we would like to check the time-
averaged flow fields. Figure 8 shows the time-averaged 
dissipation functions (top) and the total pressure profiles 
(bottom) using the LES (20M) mesh and LES (50M) meshes.  
The dissipation function appears in the entropy transport 
equation and is related to the loss process. The dissipation 
function is evaluated for the compressible flow by:   

 

Φ = !
" #

#$!
#%"

+ #$"
#%!
%
"
− "!

&
'#$!
#%!
(
"
         (1) 

 
Overall features of the dissipation functions predicted by two 
meshes are similar in the sense that the boundary layer losses 
from the pressure and suction sides merge in the downstream 
region. However, for the case with the LES (20M) mesh, the 
boundary layer loss from the suction side seems to be slightly 
larger (i.e., thicker red zone). This explains the larger blue region 
seen in the total pressure contour on the suction side when using 
the LES (20M) mesh. In addition, the thicker boundary layer 
predicted by using the LES (20M) mesh causes the point, where 
two boundary layers from the pressure and suction sides meet, to 
be shifted upward. This subtle shift can be seen by comparing 
two dashed arrows.   

For a quantitative comparison between two flow fields, 
we calculated the normalized shear stress on the blade surface 
and axial velocity profiles at six selected locations (X/Cx=0.9, 
0.92, 0.94, 0.96, 0.98, and 0.99) (see Fig. 9) using the LES (20M) 
and LES (50M) meshes. Both cases show very similar shear 
profiles both on the pressure side and suction sides except the 
end of the suction side. The case with the LES (20M) mesh 
shows zero shear stress between a: X/Cx=0.9 and c: X/Cx =0.94, 
which indicates that the flow is about to separate. And then, there 
is a small negative region where a recirculation bubble is located. 
The axial velocity profiles (blue line) shown on the top row of 
Fig. 9 clearly indicate the flow separation and the recirculation 
bubble between c: X/Cx =0.94 and e: X/Cx =0.98. It seems that 
the flow reattaches between e: X/Cx =0.98 and f: X/Cx =0.99. On 

Q-criteria (=1) with total pressure

早く乱流BLになってそう！

(a) 20 M

(b) 50 M

FIGURE 7: ISO-SURFACE Q-CRITERION COLORED BY 
NORMALIZED TOTAL PRESSURE (RED:1, BLUE:0.86) OF (a) 
LES (20M) and (b) LES (50M) 
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FIG10 (DONE)
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(b)LES (50M) 
 

FIGURE 8: CONTOURS OF (TOP) DISSIPATION FUNCTION 
AND (BOTTOM) TOTAL PRESSURE OF (a) LES (20M) and (b) LES 
(50M) 
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the other hand, when using the LES (50M) mesh, the shear stress 
remains positive and rapidly increases around d: X/Cx =0.96, 
where the transition to the boundary layer takes place. As a result, 
the boundary layer appears fuller at f: X/Cx =0.99. Looking at the 
velocity profiles from two meshes at f: X/Cx =0.99, there are the 
flow angle to alter in the downstream region.  In our past studies 
using the aft-loaded LPT blades [9], we also observed that using 
the denser grid can have a significant effect on the flow fields 
near the trailing edge by resolving momentum transfer from the 
freestream turbulence and production of TKE inside the 
boundary layer more. However, unlike the current study, the 
time-averaged shear stress and the pressure loading profiles did 
not indicate a small recirculation bubble. This study 
demonstrates that there is a more demanding mesh requirement 
(and the span) when modeling this type of a front-loaded blade 
in order to accurately capture the aerodynamic behaviors 
including the separation, reattachment, and transition near the 
trailing edge.  

Finally, Figs. 10 (a) and (b) show the calculated 
pressure coefficients along the blade surface and the wake 
profiles at the midspan using the LES (20M) mesh (red) and the 
LES (50M) mesh (blue) with the experimental data.   When using 
the newly generated mesh (blue line in Fig. 10 (a)), there is no 
kink associated with the separation bubble at X/Cx = 0.95. This 

was one of the issues observed in our previous study  [9]. Overall 
agreement with the experimental data is satisfactory.  In Fig. 10 
(b), there are three symbols from the data, depending on the 
blade location on the cascade. The predicted profile (blue line) 
gets close to the data (i.e., less shifted), and thus the peak location 
matches the data within the experimental uncertainty. As shown 
in Fig. 8 (and Fig. 9), the flow field at the end of the suction side 
is more energized through the momentum transfer from the free-
stream turbulence and the turbulent production inside the 
boundary layer using the denser grid. This slightly changes the 
direction of the shear layer departing from the trailing edge. To 
qualitatively compare these wake profiles, we evaluated the area-
averaged kinetic energy loss coefficients, e2 and found that the 
predicted e2 by both meshes are 0.0438 for LES (20M) and 
0.0414 for LES (50M), which are very close to the data (=0.042).  

CONCLUSIONS    

We utilized LES to calculate the pressure loading 
profile, the total loss distribution, and the integrated pressure 
loading profile of the front-loaded CMC blade at the high-
freestream turbulence (Tu=13%). In order to resolve the issues 
reported in our previous studies [9] (a small recirculation bubble 
at the end of the suction side and the ``shifted’’ wake profile), 

FIGURE 9: (TOP) TIME-AVERAGED NORMALIZED VELOCITY PROFULES (TOP) AT X/Cx=0.9, 0.92, 0.94, 0.96, 0.98 AND 0.99AND 
(BOTTOM) SHEAR STRESS PROFILES OF RED: LES (20M) AND BLUE: LES (50M) 
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we newly generated the mesh by increasing the resolution near 
the trailing edge and expanding the span. Using the finer mesh 
covering a larger span, there is no recirculation bubble observed. 
It is because the flow is energized by the momentum transfer 
from the freestream turbulence and more resolved turbulent 
production. As a result, the transition to the turbulent boundary 
layer (Bypass transition) takes place. This effect on the transition 
mechanism is attributed to the local resolution of the grid in the 
trailing edge region and not attributed to the increase in the span 
of the blade which we found to have had no noticeable effect on 
the solution. In addition, the fuller velocity profile alters the 
direction of the shear layer departing from the trailing edge, 
which improves the shift of the wake profile.  

This study revisited the importance of the mesh 
requirements for LES. The requirement could be stricter than the 
suggested one for LES simulations [11] when modeling a blade 
design, which prompts the flow to separate on the suction side. 
Local refinement of the mesh near the end of the suction side 
appears to be a good practical resolution.     
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