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High-Resolution Large-Eddy Simulation of Flow Around
Low-Pressure Turbine Blade
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Large-eddysimulationof compressible Navier–Stokesequationsis used to study� ows where a laminarboundary-
layer separation is followed by a turbulent reattachment. The aim of the present work is to predict and describe the
transition process and its interaction with the wake dynamics for a subsonic blade turbine con� guration. Indeed,
a better knowledge of this mechanism can help to improve the accuracy of a Reynolds-averaged Navier–Stokes
turbulence model for such a � ow case. High-resolution large-eddy-simulation-typecomputationshave been carried
out for the T106 low-pressure blade turbine at inlet Mach number of 0.1 and chord Reynolds number of 1:6 ££ 105

based on the exit isentropic velocity. The simulated mean and turbulent quantities compare well with the available
experimental data. The primary two-dimensional instability that originates from the free shear in the bubble is
unstablevia the Kelvin–Helmholtz mechanism. Then, the three-dimensional motions spread on the boundary layer,
leading to full breakdown to turbulence after the reattachment point.

Nomenclature
C = axial blade chord
NF j = � ltered Euler � uxes
NFº

j = � ltered viscous � uxes
g = pitch
L z = spanwise extend of the computational domain
lb = length of the separation bubble
hlbi = average length of the separation bubble
M0 = Mach number
Nk = number of cells in the spanwise direction
Pr = Prandtl number
NQ = � ltered conservative � ow variables
Re = Reynolds number
Nu j = � ltered velocity component
xr = location of the reattachment
xs = location of the separation
° = speci� c heat ratio
±i j = Kronecker tensor
Árms = root-mean-squarequantity

Subscripts

0 = reference quantity
1 = upstream condition

Introduction

I N many engineering � ows around wings and blades, transi-
tion and separation phenomena are strongly coupled through

a laminar separation bubble.1 Depending on the geometry and the
Reynolds number,2 the boundary layer often separates while still
laminar; the detached shear layer might become turbulent rapidly
enough to reattach, leading to the formation of a “short” bubble.
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Although the size of the bubble is generally small compared to the
chord of the body, this recirculationzone has sometime a major im-
pact on the global dynamics of the � ow. For instance, this bubble
is often of particular importance for the design of high-lift devices
on aircraft or those of gas turbines. In the past, Reynolds-averaged
Navier–Stokes (RANS) modeling approaches have been used to
predict this kind of � ow (for instance, see Ref. 3). However the
transitional behavior of the boundary layer and the high unsteadi-
ness of the separationprocess tend to limit the predictive capability
of RANS simulations. Indeed this approach still suffers from its
lack of accuracy when transition or separation phenomena drive
the global dynamics of the � ow. Therefore this transition process
has motivated a large amount of work because a better knowledge
of the � ow dynamic can help to improve the accuracy of RANS
turbulence models. For this purpose large-eddy simulation (LES)
and direct numerical simulation (DNS) are viewed more and more
frequently as complementary tools to wind-tunnel experiments. In-
deed, the increase of the computationalcapability allows nowadays
the handlingof LES of � ows with Reynolds numbers up to 106 on a
simple geometry.4 Furthermore, DNS and LES have the advantage
for transitional � ow to be free of some experimental unreliabili-
ties like side-wall effects, freestream disturbances, or the surface
roughness. Recently, DNS of a transitional separation bubble on
a � at surface caused by aspiration through an opposite boundary
were realized by different researchers.5¡9 LES was used in Ref. 10
to study the separation bubble induced by a change of curvature.
In this case the geometry was a simple � at plate with a semicircu-
lar leading edge. If these results are useful to better understand the
transition process occurring in some external � ows, their interest
for the study of internal � ows seems less attractive. Indeed the � at
plate and the freestream condition employed in these works do not
allow the representation of blockage and curvature effects, as well
as the unsteady wake of the blade. Now these parameters can have
a deep impact on the transition phenomenon occurring in a gas tur-
bine. Therefore the aim of this paper is to gain deep insight into the
� ow dynamicsassociatedwith some speci� c bladepro� les of a low-
pressure turbine (LPT) and to provide a reliable database for future
developmentsdealing with transition models for RANS simulation.
Different experimental works11¡13 have been carried out to charac-
terize the transition process in LPT during the last decade, which
appears quite in� uenced by the level of freestream disturbances.
The DNS realized by Wu and Durbin14 was focused on the study
of bypass transition caused by the in� uence of a periodic upstream
wake, which generates a high level of freestream disturbances. In
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the present paper the emphasis is put on the transition process with-
out upstream wake. As the mesh resolution is a crucial numerical
parameter for the accuracy of the simulation, several meshes have
been used to check the grid convergenceof the solution.Despite the
low value of the Reynolds number in the LPT [O.105/], the compu-
tational cost of the simulation is quite expensive. Therefore a local
mesh re� nement technique is used to reduced the computational
cost. Once the simulation validated thanks to a comparison with
Hodson’s experiment,13 the transition process was analyzed with
the stress put on the unsteady character of the laminar separation
bubble.

The paper is organized as follows. The governing equations are
presentedin the next section,and the numericalmethod is described
in the third section.The fourth section is devoted to the presentation
of the test case, the LES validation, and the transition mechanism
analysis.

Mathematical Model
Filtered Navier–Stokes Equations

A dimensionless form of the three-dimensionalunsteady � ltered
Navier–Stokes equations is used for a viscous compressibleNewto-
nian � uid. Any � ow variable Á can be written as Á D NÁ C Á0, where
NÁ representsthe large-scalepart of the variableand Á0 its small-scale
part.The � lteringoperator,classicallyde� nedas a convolutionprod-
uct on the computationaldomain, is assumed to commute with time
and spatial derivatives. Moreover it is convenient for the clarity of
the equations to introduce the Favre � ltering, QÁ D ½Á= N½. In conser-
vative form the � ltered Navier–Stokes equations can be expressed
in three-dimensionalCartesian coordinates .x1; x2; x3/ as

@ NQ
@t

C
@ NF j

@x j
¡ 1

Re

@ NF º
j

@x j
D 0 (1)

The Reynolds number is de� ned as Re D ½0u0 L0=¹0 . The symbols
u0; ½0; L0 , and ¹0 denote a characteristic velocity, density, length,
and dynamicviscosity,respectively.The conservative� ow variables
are de� ned as NQ D [ N½; N½ Qu1; N½ Qu2; N½ Qu3; Np=.° ¡ 1/ C N½ Qu j Qu j =2]T and
the inviscid � uxes by NF j D Qu j
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T . By

using Boussinesq eddy viscosity hypothesis, the viscous � uxes are
given by NF º
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where the eddy viscosity ¹t must be expressed by a subgrid-scale
model (for more details, see Ref. 15). These equations are supple-
mented with the � ltered equation of state, thanks to the reference
Mach number M0:

Np D . N½ QT /
¯¡

° M 2
0

¢
(4)

Subgrid-Scale Modeling
This work has been carried out with the monotonic integrated

large-eddysimulation (MILES) approach,16 which does not explic-
itly use a subgrid-scalemodel based on physical assumptions. As a
consequence, the eddy viscosity in Eqs. (2) and (3) is set to zero.
Thus the intrinsic dissipation of the numerical scheme is assumed
to transfer the energy from the large scales to the small ones. This
technique must be used with some cautions because the result can
be in� uenced by the choice of both the dissipative scheme used to
discretize the Euler � uxes and the mesh resolution.However, it has
been shown that this approachcan give satisfactoryresults for com-
plex applications,17;18 as long as suf� cient small turbulent eddies
are present in the simulation. This requires the use of an adapted
scheme and a grid resolution slightly � ner than those usually em-
ployed in classical LES (with explicit subgrid-scale modeling and
central differencing).19;20

Numerical Method
General Description

The solver FLU3M,21 developed by ONERA, is based on a cell-
centered � nite volume techniqueand structuredmultiblockmeshes.
The viscous � uxes are discretized by a second-order-accuratecen-
tered scheme. For ef� ciency purpose an implicit time integration is
employed to deal with the very small grid size encounterednear the
wall. Then a three-level backward differentiation formula is used
to approximate the temporal derivative of Q in Eq. (1), leading
to second-order accuracy. An approximate Newton method is em-
ployed to solve the nonlinearproblem.At each iterationof this inner
process, the inversion of the linear system relies on the lower-upper
symmetric Gauss–Seidel implicit method. More details about these
numerical points are available in Ref. 21. The Euler � uxes are dis-
cretized by a modi� ed AUSM C (P) upwind scheme, which is fully
described in Ref. 4. The numerical dissipation of the scheme is
assumed to transfer the energy from the large scales to the small
scales at a rate nearly equivalent to the one provided by a usual
subgrid-viscositymodel. This numerical method is the same as the
onedevelopedto performLES of the � ow arounda two-dimensional
wing pro� le in near-stall conditions4 and also successfully used to
compute LES of the � ow over a cavity at high Reynolds number.18

Local Mesh Re� nement Technique
LES of complex � ows at a realistic Reynolds number requires a

huge amount of grid points.Therefore it becomescrucial to optimize
the cell distribution in order to limit the total number of grid points.
For the � ow case considered in this study, the � ow remains laminar
and two-dimensional in a large zone of the computational domain.
Indeed the blade is supposed to be of in� nite span, whereas the � ow
is laminar and uniform at the in� ow. Therefore, the boundary layer
often remainslaminar in a largepart of thepressureand suctionsides
of the blade. Thus three-dimensionalcomputation can be limited to
turbulent regions of the boundary layer and to the wake. Such as a
method is employed in Ref. 4 to compute the � ow around an airfoil
through a two-/three-dimensional coupling technique. However a
more improved method is employed in this study to allow the use
of three-dimensionaldomain with different spanwise resolution, as
illustrated by the Fig. 1. Indeed the spanwise size of the turbulent
structure is larger in the far wake than near the trailing edge.22 Thus
coarser spanwise resolution are used in the far wake to decrease the
computationalcost. As the domain interface 0 between coarse and
� ne grid resolution is located in a turbulent zone, the discontinuity
in the characteristic lengths involves a discontinuity in the spectral
representationof the � ow� eld.23 Therefore a frequential restriction
procedure is needed to transfer informations from the � ne mesh
resolution to the coarse one, whereas a frequential enrichment pro-
cedure is used for the inverse way. Numerically, this coupling is
achieved through the use of ghost cells at the interface. The infor-
mation transfer between the solutions on the � ne and coarse grid
(noted Q f and Qc , respectively) is realized by applying a low-pass
� lter to Q f . This low-pass � lter, based on a simple average in the
spanwise direction, leads to the following de� nition of Qghost

c :

Qghost
c D

N c
k

L z

Z L z=N c
k

0

Q f dz (5)

Fig. 1 Grid decomposition into different spanwise mesh resolution.



392 RAVERDY ET AL.

where N c
k denotes the number of cells of the coarse domain in the

spanwise direction. This length is the same for all subdomains. Fi-
nally a � rst-order extrapolation is used to regenerate from Q f the
high frequenciesinformationrequiredby the enrichmentprocedure,
leading to the following de� nition of Qghost

f :

Qghost
f D Qc C

¡
Q f ¡ Qghost

c

¢
(6)

As this procedure is slightly less accurate than those developed by
Quéméré et al.,23 the interface located in a turbulent zone should be
placed suf� ciently far from the blade to prevent a spurious interac-
tion between this boundary condition and the transitional � ow.

Numerical Results
T106 Test Case

The T106 low-pressure turbine blade has been retained for this
work. Measurements of velocity and Reynolds-stresspro� les have
been carried out by Hodson13 for a wide range of Reynolds numbers
and different level of in� ow disturbances.The present study focuses
on the simulation of the case with laminar in� ow. The Reynolds
number is set equal to 1:1 £ 105 based on the inlet velocity u1 and
the axial blade chord C . The inlet Mach number is equal to 0.1,
with inlet and exit angle equal to 37.7 and ¡63.2 deg, respectively.
The normalized pitch g=C , which represents the distance between
two blades pro� le in plane grid representation, is equal to 0.93.
With these � ow parameters the boundary layer on the pressure side
remains laminar, whereas transition occurs between x=C D 0:8 and
0.9 on the suction side thanks to a laminar separation bubble.

Computational Setup
In the (x; y) plan the grid topology is illustrated in Fig. 2 (one

out of four grid point is shown). The decomposition is based on
two H-grids (upstream and downstream sections) and one O-grid
around the blade. Indeed the slope discontinuities associated with
the use of an H-grid around the blade tend to generate some spuri-
ous oscillations at the leading and trailing edge, even if a DNS is
used.14 The computational domain ranges from x=C D ¡1 (in� ow
plan) to x=C D 2 (out� ow plan). To check the results’ sensitivity
to some grid parameters, several meshes have been de� ned, whose
characteristicsare given in Table 1. In the (x; y) plane the three dif-
ferent grids employedfor this studyare all identical.These grids are
denoted by g1, g2, or g3 in the following part of the paper. A � ne
LES mesh resolutionmust be used to obtain reliable results because
the MILES approach is employed for the subgrid-scale modeling.
In the streamwise direction the resolution is always less than 18
wall units in the turbulent boundary layer. In the transitional zone
this value ranges from � ve to eight as a result of the decrease of

Table 1 Grid description

Grid

Parameter g1 g2 g3

Ni 920 920 920
N j 80 80 80
Nk1 , Nk2, Nk3 2/10/30 1/5/15 4/20/60
1xC (DNS : 1xC < 20) <18 <18 <18
1yC (DNS : 1yC < 2) <1 <1 <1
1zC (DNS : 1zC < 7) <10 <20 <10
Spanwise distance L z 3.2% 3.2% 6.4%
Number of points 106 5:105 2:106

Fig. 2 Computational grid (one out of four grid points is shown).

the skin-friction coef� cient associated with the separation bubble.
In fact around 250 points are located between the starting point
of the transition process and the trailing edge. In the wall normal
direction around 50 points are located in the boundary-layer thick-
ness ±99 at the transition point and the trailing edge. The size of
the � rst cell corresponds to 1yC < 1, and a smooth stretching of
5% is used. It has been demonstrated in Ref. 24 that such resolu-
tion in the .x; y/ plane is appropriate. As the � ow remains laminar
in the pressure side,12 only two-dimensional block are used from
x=C D 0:94 (on the pressure side) to x=C D 0:77 (on the suction
side) to limit the number of points. In the turbulent part of the suc-
tion side boundary layer, the three-dimensional block extends to
0.1C in the wall normal direction. This length is clearly suf� cient
to avoid the possible spanwise � ltering of the turbulent structures
related to the local mesh re� nement techniquebecause it is approx-
imately three times larger than the boundary-layer thickness at the
trailing edge. The gk grids (k D 1; 3) only differ by their spanwise
characteristics. On the one hand, the g1 and g2 meshes highlight
the effect of the spanwise resolution, characterized by a 1zC less
than 10 and 20, respectively. These two grids have the same span-
wise extent L z=C D 0:032, which correspondsapproximatelyto the
boundary-layerthicknessat the trailing edge. On the other hand, the
g1 and g3 meshes, with spanwise extent of 0.032C and 0.064C re-
spectively,allow us to check the in� uence of this parameter because
their spanwise resolution are equal.

All of the simulations are carried out with a time step equal to
1:07 £ 10¡4C=u1 . The maximum Courant–Friedrichs–Lewy num-
bers basedon the acousticand entropic/vorticalwave speedsare less
than 11 and 1, respectively.Around � ve time units are necessary to
get a well-established unsteady solution from a steady RANS ini-
tial solution. For the average quantities the averaging procedure is
performed in the homogeneousspanwise direction and in time over
a period of 6 C=u1 . The simulations are carried out on a single
processor of NEC SX5, and the code is running approximately at
4G-� ops (for a crest speed of 8G-� ops). Almost 240 CPU hours are
needed to performed the time integration over a period of 6 C=u1
on the largest grid g3.

Validation
To validatethe presentsimulations,both mean � ow andrms quan-

tities are compared with experimental data of Engber and Fottner12

for the pressure coef� cient and Hodson13 for the velocity � eld. A
comparison of pressure coef� cient is displayed in Fig. 3a, where
the results of the DNS (57 £ 106 grid points) of Wu and Durbin14

performed with the same geometry and in� ow condition are also
plotted. The results are in satisfying agreement with available ex-
perimental data. Indeed different reasons can explain the small dis-
crepanciesbetween Engber and Fottner experimentand the simula-
tion: in the experiment the Reynolds and Mach numbers are around
three time larger,whereas the freestreamturbulencelevel is between
1 and 4%. As the laminarseparationbubble is quite sensitiveto these
parameters, it is not surprising that small discrepancies occur be-
tween experimental data and simulations. Furthermore the results
are nearly identical to those of the DNS carried out in Ref. 14.
The pressure plateau around x=c D 0:9 and the sudden deacrese of
Cp downstream of this position underlines the presence of a lam-
inar separation bubble followed by a turbulent reattachment (for
instance, see Refs. 4, 8, and 9). Figure 3b presents a comparison
of the mean velocity magnitude pro� les computed on the different
grids with those of Hodson’s experimentaldata. Grid resolutionand
spanwiseextent arenot seen to have a signi� cant effect in the present
computations, showing that a grid convergence is reached. The re-
sults are in very good agreement with the experiments. Figure 3c,
which represents the mean skin-friction coef� cient on the suction
side, con� rms the presenceof a separatedzone.As the experimental
skin-friction coef� cient is not available, the experimental velocity
pro� les are used to roughly estimate this quantity. Then, the results
are in good agreement with experimental data because a separation
bubble is also detected in the experiment. The laminar separation
occurs around xs =C D 0:83, whereas the turbulent reattachment is
located around xr =C D 0:95. The length of the bubble is denoted
by lb in the following part of the paper. After the reattachment the
sudden increase of the skin-friction coef� cient is explained by the
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a) Mean pressure coef� cient

b) Mean velocity pro� les

c) Mean skin-friction coef� cient

Fig. 3 In� uence of spanwise resolution and extent.

fact that the boundary layer becomes fully turbulent.The rms veloc-
ity pro� les are represented on Fig. 4 from x=C D 0:83, where the
� ow is separated and laminar, to x=C D 0:99, where it is fully tur-
bulent. The transition is observed to occur slightly upstream of the
reattachmentpoint around x=C D 0:92. This location is determined
as the point where the spanwise velocity � uctuationbecomes larger
than 1% of the externalboundary-layervelocity.Downstreamof the
mean reattachmentpoint, the maximum rms value rapidly increases
to reach a level close to 15% of the external velocity, corresponding
to a fully developed turbulent � ow. Differences observed upstream

a)

b)

Fig. 4 In� uence of spanwise resolution and extent on rms velocity pro-
� les a) in the laminar bubble and b) downstream of the laminar bubble.

of x=C D 0:92 between the different computations and the experi-
mental data are thought to be meaningless because they correspond
to very low values that might be very sensitive to wind-tunnel op-
erating conditions.Another interestingconclusion is that a realistic
descriptionof the � ow is obtained,evenwith relative thin domainsin
the spanwisedirection,showing that there is a decorrelationbetween
large scales of the � ow and the smallest ones, which are responsible
for the transition process. The same conclusion was drawn from
LES calculations of the � ow around an airfoil presented in Ref. 4.

Analysis of Transition to Turbulence
The preceding validations show that the LES results are reliable,

that is, realistic physicalphenomenaare present and an analysis can
be carried out from the simulations.

The onset of transition takes place in the separation bubble on
the suction side, and underlying physical mechanisms can be very
dependent on the structure of the bubble and external forcing. The
de� nitionof separationand reattachmentused in the precedentpara-
graph is related to positions where the mean skin friction vanishes.
More accurate descriptions of separation/detachment can be ob-
tained considering the fraction of time ° that the � ow is reversed
very near the wall (see Fig. 5). Following Simpson,25 incipient de-
tachment (ID) (respectively, reattachment, IR) occurs with reverse
� ow1%of the time, intermittenttransitorydetachment(ITD, respec-
tively, ITR) occurs with instantaneous back� ow 20% of the time,
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Fig. 5 Fraction of time of reverse � ow along the suction side.

Fig. 6 Separation and reattachment locations at midspan in function
of the time.

transitory detachment (TD, respectively, TR) occurs with instanta-
neous back� ow 50% of the time, and detachment (D, respectively,
R) occurs where the time-averaged skin friction is zero. Looking
at Fig. 5 reveals that in the present case ITR is missing because of
the neighborhood of the trailing edge. So, a strong in� uence of the
� ow in the trailing-edge region on the bubble can be expected. The
wavy distributionof ° inside the bubble has already been observed
in other simulations.8;26

The distributionof ° shows that the instantaneousseparationand
reattachmentpoints are moving along the suction side. Histories of
instantaneous separation and reattachment positions are displayed
in Fig. 6. It is seen that they both are subjected to large spatial
variations, but a very interesting fact is they are locked in phase,
resulting in a nearly constant bubble length.

To get a betterdescriptionof thebubble,the maximumintensityof
the back� owassociatedwith theReynolds-averagedvelocity� eldas
a functionof the positionalong the suction side is plotted in Fig. 7. It
is seen that the maximum reverse � ow is close to 6% of the external
velocityUe. This value is similar to those found in the DNS of Alam
and Sandham8 (4 to 8%) or the LES of Yang and Voke10 (3%) for
shortbubbles.Spalartand Strelets9 observedhighervalues (23%)on
a 10 times longerbubble. In thepresentcon� gurationthe mean value
of the bubble length hlbi is equal to 10 ±s

99 or, equivalently, 120 ±s
µ ,

where ±s
99 and ±s

µ are the boundary-layer thickness and the momen-
tum thicknessat the separationpoint, respectively,which is an inter-
mediary value between the cases consideredby Alam and Sandham
(hlbi=±s

µ ¼ 40) and those of Spalart and Strelets9 (hlbi=±s
µ ¼ 400).

Linear stability analysis shows that back� ows as high as 15–20%
of Ue are required to obtain absolutely instable pro� les. As a con-
sequence, a global feedback must exist in the present con� guration
to obtain self-sustained� uctuations in the bubble. This mechanism
is analyzed in the next section.

Fig. 7 Back� ow intensity in the suction side boundary layer
(Uback = jj min (u)jj/ue ).

Fig. 8 Instantaneous spanwise vorticity in the (x; y) plane near the
bubble.

A view of the instantaneous� ow in the bubble region at different
times is given in Fig. 8. The roll up of the separated shear layer and
the ejection of coherent structures are clearly identi� ed, in agree-
ment with observationsdoneduring previousnumericalstudies.8¡10

Many authors have tied this roll-up to the Kelvin–Helmholtz (KH)
instability. To evaluate the characteristic scales of the � uctuations
in the present case, the wave-number/frequency spectrum of the
pressure � uctuations at the wall at a position located inside the bub-
ble is shown in Fig. 9b. It is seen that two types of � uctuations
are present: acoustic � uctuations moving upstream at the speed
jUe ¡ cj D 270 m ¢ s¡1 and vortical disturbances convected down-
stream at speed Uc D 36 m ¢ s¡1 ¼ 0:6Ue . The latter correspond to
the convection of the structures observed in Fig. 8. The value of Uc

is in agreement with the classical value observed in separated shear
layer and is close to predictionsgivenby the linear stability theoryof
the KH modes. The spatial period ¸ of these structures is computed
as the distance between two vortices with the same sign of span-
wise vorticity component (see Fig. 10). A global estimation yields
¸ D 0:054C . The associated frequency is then fc D 3500 Hz. The
corresponding Strouhal number, based on Ue and hlbi, is equal to
0.24. As underlinedby Yang and Voke,10 another criterionhas to be
satis� ed in order to get the KH instability: 0 < kh < 1:2785, where
k is the wave number deduced from ¸ and h is the shear-layerthick-
ness. In the presentcomputationwe get kh D 1:16, which allows the
growth of the KH modes. Spalart and Strelets9 remarked that this
mechanismcan lead to a very fast growthof the initial perturbations,
resulting in the appearance of two-dimensional vortices within one
spatial period. (This can be seen in Fig. 8.)

To get a deeper understanding of the way the upstream distur-
bances are ampli� ed inside the recirculationbubble, the streamwise
velocity rms � uctuation pro� les at three positions are displayed in
Fig. 11. At the � rst position (x=C D 0:83), very close to the separa-
tion point, the pro� le exhibits one peak located at the center of the
boundary layer. At the second position (x=C D 0:88) at the center
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a) Leading edge

b) Bubble

c) Trailing edge

Fig. 9 Wave-number-frequency spectra of wall-pressure � uctuations
at different locations.

Fig. 10 Spatial Kelvin–Helmholtz length.

of the bubble, the pro� le has now two peaks, whereas at the third
location (x=C D 0:92) three peaks are found. The same evolution
was observed in wind-tunnel experiments by Lowson et al.,27 who
investigated the � ow around a NACA airfoil at low Reynolds num-
ber. This evolutionis related to the suddenampli� cationof upstream
disturbancesbecauseof the existenceof an in� exional velocitypro-
� le in the separated region of the � ow, and it can be predicted using
linear stability theory.28

a)

b)

c)

Fig. 11 RMS velocity pro� les around the transitional zone: a) x/C =
0.83, b) x/C = 0.88, and c) x/C = 0.92.

Global Dynamics of the Flow
As mentioned in the preceding section, a global feedback mech-

anism must exist to obtain sustained � uctuations inside the recircu-
lation bubble. Another important feature of the � ow is the vortex
shedding that takes place at the trailing edge because that it is not
sharp. The computed associated main frequency is 2500 Hz. Pres-
sure spectra at the wall at three positions on the suction side are
presented in Fig. 12. (For the sake of clarity, frequencies higher
than 8000 Hz are not shown.) Inside the bubble (Fig. 12b) the peak
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a) Leading edge

b) Bubble

c) Trailing edge

Fig. 12 Frequency pressure spectra at different locations.

related to the KH modes is clearly observed, as well as the peak
associatedwith the vortex shedding frequencyclose to 2500 Hz. As
notedbyYangandVoke,10 the KH modesare associatedwith a range
of frequenciesaround the most ampli� ed one rather than single fre-
quency. The large peak at 1900 Hz is related to the low-frequency
� apping of the separated shear layer, which has been identi� ed pre-
viously in many experiments and numerical simulations.5;29¡31 The
correspondingStrouhalnumberbasedonUe and hlbi is 0.13, in good
agreement with other observations.

Both separation [xs .t/] and reattachment [xr .t/] points exhibit a
strongly unsteady behavior (see Fig. 6). Fast Fourier transform of

a)

b)

c)

Fig. 13 Frequency spectra of geometrical bubble characteritics at
midspan: a) separation point xs , b) reattachment point xr , and c) length
lb .

these signals is presented in Fig. 13, together with the spectrum of
the bubble length [lb.t/]. The position of separation is clearly gov-
erned by the three mechanisms just cited: low-frequency � apping
of the separated shear layer, KH instability, and vortex shedding
at the trailing edge. At the contrary, the position of reattachment
and the bubble length seem to be driven by another mechanism,
associated with a lower frequency (500 Hz). A possible explana-
tion for this phenomena is the existenceof an aeroacousticcoupling
between the vortex shedding at the trailing edge and the growth of
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disturbancesin the separatedshear layer.Acoustic waves, which are
observedto travelupstream,can excite the shear layer in the vicinity
of the separation point, and the induced � uctuations then grow and
travel downstream.Using the simple model proposed by Tam,32 the
correspondingfrequency for the nth harmonics will be

f D n=.1=jUe ¡ cj C 1=Uc/L (7)

where L is the distance between the separation point and the trail-
ing edge. Taking n D 1, Uc D 40 m ¢ s¡1, c ¡ Ue D 270 m ¢ s¡1, and
L D 0:0732 m, the predictedvalue is 475 Hz, which is a satisfactory
agreement. Taking n D 4 yields f D 1900 Hz, which is the value
found for the low-frequency � apping, indicating a possible cou-
pling between vortex shedding and the low-frequency � apping in
the present case.

As already observed, upstream disturbances are necessary to
maintain � uctuations inside the bubble. These disturbances can
be seen on the left part of Fig. 10. To analyze their origin, the
frequency/wave-numberspectrumof the pressure � uctuationsat the
wall at the leadingedgenear the stagnationpointandnear the trailing
edge is presented in Fig. 9. It is observed that acoustics waves trav-
eling upstream are present everywhere but that no acoustic waves
re� ected at the stagnation point are detected. Vortical disturbances
convected downstream at Uc ¼ 0:6Ue are also present all along the
suction side. Then, a possible scenario is the following: acoustic
waves are emitted near the trailing edge, which travel upstream up
to the neighborhood of the stagnation point, where vortical dis-
turbances are created and then convected downstream towards the
recirculationbubble.

Conclusions
A new local mesh re� nement technology has been successfully

applied to a well-resolved large-eddysimulation of the � ow around
a low-pressure turbine blade at a realistic Reynolds number. The
in� uence of the mesh resolution and the spanwise extent have been
investigated. It appears that a grid convergence has been reached
because the results are not in� uenced by these parameters. As the
computedmean and � uctuating velocitypro� les compare well with
experimentaldata, the transitionprocess has been studied in details.
It occurs on the suction side of the blade thanks to a short laminar
separation bubble. The shape of the bubble and the developement
of Kelvin–Helmholtz instability in its shear layer are quite similar
to those observed in Refs. 8–10 on a simpler geometry. However,
a Fourier analysis applied to both the separation and reattachment
points of the bubble underlines the existence of coupling between
the bubble and the vortex shedding generated by the trailing edge.
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