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a b s t r a c t

The transitional separated–reattached flow on a flat plate with a blunt leading edge under 2% free-stream
turbulence (FST) is numerically simulated using the Large-eddy simulation (LES) approach. The Reynolds
number based on the free-stream velocity and the plate thickness is 6500. A dynamic subgrid-scale
model is employed and the LES results compare well with the available experimental data.

It is well known that FST enhances shear-layer entrainment rates, reduces the mean reattachment dis-
tance, and causes early transition to turbulence leading to an early breakdown of the separated boundary
layer. Many experimental studies have shown that different vortex shedding frequencies exist, specially
the so called low-frequency flapping when there is a separation bubble but its mechanism is still not
completely understood. The previous study by us without free-stream turbulence (NFST) did not show
the existence of such a low-frequency flapping of the shear layer and it is not clear what the effects of
FST will have on these shedding modes. Detailed analysis of the LES data has been presented in the pres-
ent paper and the low-frequency flapping has not been detected in the current study.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Many studies on separated–reattached flows have been carried
out in the past decades due to their practical engineering impor-
tance. One of the fundamental features of this type of flows is
two different shedding modes. The characteristic frequency shed-
ding mode is associated with the usual large scale motions in the
free shear layer while the low-frequency mode reflects overall
separation bubble growth/decay dynamics, the so called low-fre-
quency shear layer flapping in the literature.

Separated boundary layer transition on a flat plate with a semi-
circular leading edge under different Reynolds number and free-
stream conditions, the so called ERCOFTAC T3L test cases, have
been studied both experimentally and numerically by many
researchers. The T3L test cases have been used to assess many tur-
bulence models from the linear and non-linear eddy-viscosity
models (Palikaras et al., 2002, 2003; Corsini and Rispoli, 2002; Cut-
rone et al., 2008), an intermittency transport model (Vicedo et al.,
2004) to the second-moment closure (SMC) models (Hadzic and
Hanjalic, 1999, Borello et al., 2005, Vlahostergios et al., 2007).
The results show that good predictions regarding the reattachment
point, the velocity and u-rms distributions inside the bubble could
be obtained for the cases where FST is moderate or high. The gen-
eral conclusion is that turbulence modelling can provide quite
ll rights reserved.
accurate results for transitional flows without any additional ad-
hoc modifications. However, neither the experimental study
(Coupland and Brierley, 1996; Palikaras et al., 2002, 2003) nor
the above numerical studies investigated the transition mecha-
nism and the shedding modes. Yang and Voke (2001) performed
LES of a T3L test case (with very low FST) and presented detailed
analysis of the transition mechanism. They demonstrated that
the primary instability originated from the free shear layer in the
bubble was due to the Kelvin–Helmholtz mechanism. A low fre-
quency peak was also identified in the velocity spectra.

Several DNS studies of transition to turbulence within a laminar
separation bubble have been carried out to investigate the transi-
tion mechanism (Alam and Sandham, 2000; Spalart and Strelets,
2000; Marxen et al., 2003, 2004). Three-dimensionality appeared
very rapidly in the study of Spalart & Strelets with no clear regions
of primary or secondary instability, whereas Alam & Sandham ob-
served K-vortex-induced breakdown. Both studies concluded that
the magnitude of the reverse flow was not sufficient to sustain
absolute instability. Marxen et al . concluded that transition was
driven by convective amplification of a two-dimensional TS wave
and the dominant mechanism behind transition was an absolute
secondary instability. Very recently, Jones et al. (2008) performed
DNS of laminar separation bubbles on a NACA-0012 airfoil and
they showed that the separation bubble was convectively unstable
by classical linear stability analysis of the time-averaged flow
fields. They also performed a series of three-dimensional simula-
tions which illustrated a three-dimensional absolute instability of
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Notations

D plate thickness
f frequency
FST free-stream turbulence
i streamwise axis index
j normal axis index
k spanwise axis index
LES large-eddy simulation
NFST no free-stream turbulence
SMC second-moment closure
TS Tollmien–Schlichting
U0 free-stream velocity
U streamwise velocity

urms root mean square value of streamwise velocity
V normal velocity
vrms root mean square value of normal velocity
W spanwise velocity
x streamwise axis
xR mean separation bubble length
y normal axis
z spanwsie axis
Dx+ streamwise mesh size in wall units
Dy+ normal mesh size in wall units
Dz+ spanwise mesh size in wall units
meff effective viscosity
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the two-dimensional vortex shedding that occurred naturally.
However, the two shedding modes, especially the low-frequency
shear layer flapping, were not shown in all those DNS studies.

Kiya and Sasaki (1983) studied turbulent separated–reattached
flow under low free-stream turbulence over a blunt plate at a Rey-
nolds number of 26,000 based on the free-stream velocity and the
plate thickness. The measured power spectra of velocity and sur-
face pressure fluctuation showed a peak band estimated about
fxR/Uo = 0.6–0.8 which they interpreted as the characteristic shed-
ding frequency of the large-scale vortices from the free shear layer
of the separation bubble. A long tail was also observed in the mea-
sured autocorrelation curve of velocity fluctuations at two posi-
tions shortly downstream of the separation up to the station x/
xR = 0.5. They suggested that the tail of the autocorrelation curve
was associated with the low-frequency flapping motion of the
shear layer near the separation line. They attributed the flapping
to be a consequence of a large-scale unsteadiness in the bubble,
which must be closely related to the shrinkage and enlargement
of the separation bubble. They emphasised that this large-scale
unsteadiness was different from the smaller-scale unsteadiness
caused by the regular vortex shedding from the bubble, and the
representative frequency of the former was much lower than that
of the latter. Their measured surface pressure spectrum at x/
xR = 0.2 had a clear peak at fxR/Uo � 0.12. The pressure spectra pre-
sented by Hillier and Cherry (1981a) had a peak at the same fre-
quency in the region 0.026 < x/xR < 0.25 and they pointed out that
this may be a result of flapping of the shear layer near the separa-
tion line. This low-frequency flapping (fxR/Uo � 0.12) was further
confirmed by Cherry et al. (1984).

Cherry et al. (1983), Castro and Haque (1987), Hudy et al. (2003)
detected both the low and the characteristic frequency modes of
unsteadiness for separated flow behind a normal flat plate with a
long central splitter plate. However, Ruderich and Fernholz
(1986) observed no dominant frequencies in their power spectra
for the same flow configuration. In a backward-facing step flow,
both the frequency modes were detected in velocity measure-
ments of Eaton and Johnston (1981). They argued that the ob-
served low-frequency motion on the backward-facing step flow
was likely to be a consequence of an instantaneous imbalance be-
tween the entrainment rate from the recirculation zone and its re-
supply near the reattachment. Lee and Sung (2001) also detected
the two modes in their measured spectra of surface pressure close
to separation in a backward-facing step flow.

A separated–reattached flow over a blunt flat plate was studied
by Cherry et al. (1984) at a Reynolds number of 32,000 based on
the free-stream velocity and the plate thickness. However, the dif-
ference was that the flow was laminar before separation but tran-
sition occurred extremely close to separation. Near separation, the
measured power spectra for surface-pressure fluctuations were
found to be dominated by low-frequency fluctuations. The low fre-
quency value was estimated to be about fxR/Uo � 0.12 from the
pressure spectrum at x/D = 0.125 (D is the flat plate thickness).
They were suspicious that transition might be the cause of this.
However, because transition at the test Reynolds number occurred
extremely close to separation so that transition effect was ruled
out. Due to the fact that this phenomenon appeared in a very sim-
ilar case by Kiya and Sasaki (1983), in backward-facing step sepa-
rations of both Eaton and Johnston (1981) and Lee and Sung
(2001), and in the study by Cherry et al. (1983) where it was tur-
bulent flow at separation in all those cases, Cherry et al. (1984)
drew the conclusion that ‘‘the low-wave number motion appears
to be an integral feature of fully turbulent separation”. This conclu-
sion has been supported by the study of Abdalla and Yang (2005)
for the NFST case of a separated–reattached flow over a blunt flat
plate where the flow at separation is laminar.

It has been established that FST has a great impact on a sepa-
rated–reattached flow. Hillier and Cherry (1981b) showed that
increasing FST level would produce considerable contraction of
the bubble length which was, however, insensitive to turbulent
length scale. Nakamura and Ozono (1987) reached similar conclu-
sion after exploring the effect of turbulence length scales over a
wider range. Kalter and Fernholz (2001) studied the effect of FST
on a boundary layer with an adverse pressure gradient and a closed
reverse-flow region. They found that by adding FST the mean re-
verse-flow region was shortened or completely eliminated. Yang
and Abdalla (2005) investigated the effects of FST on large-scale
coherent structures of separated boundary transition. They have
found that some clearly identified coherent structures in the NFST
case can hardly be identified under 2% free-stream turbulence and
transition starts earlier for the FST case. However, all the above
mentioned studies did not address the effect of FST on the low-fre-
quency flapping of the shear layer. Only Castro and Haque (1988)
mentioned in their study of a separated–reattached flow behind
a normal flat plate with a long central splitter plate that FST led
to an increased ‘flapping motion’ of the shear layer just after sepa-
ration. In this paper we present and discuss results of a transitional
separated–reattached flow under 2% FST, focusing on if the low-
frequency flapping of the shear layer occurs in this case and what
the mechanism is if it does occur.

2. Governing equations and the numerical methods

The implicitly filtered equations (due to the use of finite volume
method there is no need to introduce an explicit filter) expressing
conservation of mass and momentum in a Newtonian incompress-
ible flow can be written in conservative form as

@iui ¼ 0 ð1Þ
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@tð�uiÞ þ @ jð�ui�ujÞ ¼ �@ipþ 2@jðmeff sijÞ ð2Þ

where �p is the filtered pressure divided by density and meff is the
effective viscosity (molecular viscosity + subgrid scale viscosity)
and sij is

sij ¼
1
2
ð@iuj þ @ juiÞ ð3Þ

The Poisson equation for pressure can be derived by taking the
divergence of Eq. (2)

@i@tðuiÞ þ @i@jð�ui�ujÞ ¼ �@i@ipþ 2@ i@jðmeff SijÞ ð4Þ

And using Eq. (1) one finally obtains

@i@ip ¼ D2p ¼ @iHi ð5Þ

where

Hi ¼ @jð��ui�uj þ 2meff SijÞ ð6Þ

Generally speaking, it is computationally very expensive to solve
Eq. (5) for high Reynolds turbulent flows and one way to speed
up the solution is to Fourier transform the equation in z direction
to obtain a set of decoupled 2D equations, which in Cartesian form
is given by

@2~p

@2x
þ @

2~p

@2y
� k2

z
~p ¼ ~R ð7Þ

Provided flow is homogeneous in z direction so that a periodic
boundary condition can be applied. kz is the discrete Fourier wave
number given as

kz ¼
2 sinðkz=2Þ

Dz
ð8Þ

The two-dimensional Eq. (7), one for each value of kz, can be solved
very quickly even when the geometry is complex as long as flow is
homogeneous in z direction.

The numerical methods used in the present studies are direct
descendants of well-known finite-volume techniques successfully
used for many LES studies. A standard dynamic subgrid-scale mod-
el is used to approximate the subgrid-scale stresses. The explicit
second order Adams–Bashforth scheme is used for the momentum
advancement except for the pressure term. The Poisson equation
for pressure is solved using an efficient hybrid Fourier multi-grid
method. The spatial discretization is second-order central differ-
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Fig. 1. Computational
encing which is widely used in LES owing to its non-dissipative
and conservative properties. More details of the mathematical for-
mulation and numerical methods have been reported elsewhere by
Yang and Voke (2000).

3. Details of numerical computation

The computational domain and mesh used in the current study
are shown in Fig. 1. The computational domain size is 25D �
16D � 4D along the x-, y- and z-axis respectively where D =
10.0 mm is the plate thickness. The Reynolds number based on
the free-stream velocity and plate thickness is 6500. The x-coordi-
nate origin is located 0.5D from the leading edge of the plate and
hence the inflow boundary is at x = �4.5D. The outflow boundary
is at x = 20.5D. The lateral boundaries are at y = �8D and y = 8D,
corresponding to a blockage ratio of 1/16.

The mesh refinement study had been done for the NFST case
with two simulations performed by Abdalla and Yang (2005). Re-
sults in terms of flow structures, spectra and even the mean first
order quantities showed little difference and the mean second or-
der quantities showed a maximum difference around 4%. Since the
FST case has the same geometry and the same Reynolds number as
in the NFST case so that the finer mesh used in the NFST case
should also be adequate for the FST case. The grid is consisting of
256 � 212 � 64 cells along the streamwise, wall-normal and span-
wise directions respectively. Non-uniform grid distributions were
used in the x- and y-directions and a uniform grid distribution
was used in the spanwise direction. In terms of wall units based
on the friction velocity downstream of reattachment at x/xR = 2.5
the streamwise mesh sizes vary from Dx+ = 9.7 to Dx+ = 48.5,
Dz+ = 20.2 and at the wall Dy+ = 2.1, justifying the use of no-slip
wall boundary condition. Yang and Voke (2001) did a study on
the effects of the location of the spanwise periodic planes (two
spanwise dimensions were used, 2D and 4D) in a very similar type
of flow (flow over a flat plate with a semi-circular leading edge)
and did not find any appreciable change in the behaviour of the
flow (less than 5% difference in terms of averaged statistics for both
mean and turbulence stresses). Hence the spanwise dimension, 4D,
is regarded as sufficient in the present study. The time step used in
this simulation was 0.001885D/U0. The simulation ran for 91,400
time steps to allow the transition and turbulent boundary layer
to become established, i.e., the flow reached a statistically station-
ary state, and the averaged results were gathered over further
(m)
0.1 0.15 0.2

domain and mesh.
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159,990 steps, with a sample taken every 10 time steps (15,999
samples) and averaged over the spanwise direction too, corre-
sponding to around 11 flow-through or residence times. The code
is highly efficient as the Poisson equation for pressure is solved
using a hybrid Fourier multi-grid which results in a speedup of
at least five times compared with a fully 3D Poisson solver.

On the lateral boundaries a free-slip but impermeable boundary
condition was applied. Periodic boundary conditions were used in
the spanwise direction. No-slip boundary conditions were used at
all walls. A convective boundary condition was applied at the out-
flow boundary. At inlet realistic turbulence needed to be specified
to mimic the 2% FST at the leading of the plate which was very dif-
ficult to generate numerically. Up to date there are no universal
efficient methods to generate realistic turbulent inflow data. Sev-
eral methods have been tried in the present study but they are
not very satisfactory (some of those techniques require not only
first order and second order turbulent quantities but also turbulent
length scales etc. which are not available). As a result, the so called
‘‘precursor technique” was employed, i.e., an additional channel
flow simulation was performed to provide realistic turbulent inlet
conditions. Fig. 2 shows the computational domain and mesh of
the channel flow simulation. The domain size in the y-direction
was slightly larger than that of the main simulation and exactly
the same mesh used in the main simulation was employed with
additional 80 cells added in the near wall region (40 on each side)
to resolve the boundary layer (the first mesh point is located at
about y+ = 1.2), leading to a total of 292 cells along the y-direction,
64 cells along the streamwise and spanwise directions. Periodic
boundary conditions were used along the streamwise and span-
wise directions. The bulk velocity in the precursor simulation
was the same as the free-stream velocity in the main simulation
(i.e. 9.425 m/s) and the Reynolds number based on the bulk veloc-
ity and half channel height is 65,000. Turbulence was extracted
(fluctuation part of the axial velocity and instantaneous velocity
components in other two directions) from the channel flow and
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Fig. 3. Mean axial velocity profiles at five streamwise locations measured from the leadin
LES (NFST case); symbols, experimental data.
fed to the main simulation after the channel flow reached a fully
developed state. In order to avoid the situation where the precur-
sor simulation may feed its own ‘‘recycling” frequency into the
main simulation 400,000 slices were stored to make sure that
those slices should be used only once.

In the channel flow turbulence intensity reaches a peak value
close to the wall and reduces towards the centre with the minimum
value at the centre. The average turbulence intensity over the bulk
region of the channel in the current case from y = �0.08 m to
y = 0.08 m was about 5.9% which was fed to the main simulation
at inflow boundary located at x = �4.5D (0.045 m). It decayed fairly
rapidly downstream the inflow plane and the average turbulence
intensity reduced to about 2% just upstream of the plate (the plate
leading edge is at x = 0) and the turbulence intensity profile was
fairly flat and not changing much at all in the y direction. The ratio
of turbulence normal stresses was about u0:v0:w0 = 1.0:0.83:0.94 at
the leading edge of the plate. This is not exactly the same as the grid
turbulence but not far from it.

4. Results and discussion

4.1. Mean flow variables

In a separated–reattached flow the mean separation bubble
length is an important parameter and it has been found experi-
mentally, as mentioned before, that the mean separation bubble
length can be substantially reduced by the free-stream turbulence
(Hillier and Cherry, 1981b; Nakamura and Ozono, 1987; Castro and
Haque, 1988; Kalter and Fernholz, 2001). The predicted mean bub-
ble length in the current study for the FST case is 5.6D while for the
NFST case it is 6.5D, leading to a 14% reduction due to 2% FST, con-
firming that the current predictions are consistent with the exper-
imental results.

Fig. 3 presents the comparison between the predicted mean
streamwise velocity profiles and the experimental data by Kiya
m)
0.5 0.75

esh of the precursor simulation.

/U 0

4 5 6 7

g edge. Left to right, x/xR = 0.2, 0.4, 0.6, 0.8, 1.0. Solid line, LES (FST case); dashed line,
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and Sasaki (1983) at five streamwise locations for both the FST &
NFST cases, normalised by the free-stream velocity. It is worth
pointing out that the experiment was carried out with very low
free-stream turbulence level but at a higher Reynolds number
(26,000) and the measured reattachment length was 5.05D. The
mean bubble length is Reynolds number dependent as Cherry
et al. (1984) reported a measured value of around 4.9D for a Rey-
nolds number of about 32,000 and Djilali and Gartshore (1991)
measured a value of about 4.7D at a Reynolds number of 50,000.
To facilitate comparisons the profiles are plotted as function of y/
xR at corresponding values of x/xR, i.e., comparisons are made at
the same non-dimensionalised location (x/xR) but not at the same
geometric location (x). A reasonably good agreement has been ob-
tained between the experimental data and the LES predictions for
both the FST and NFST cases, as shown in Fig. 3. Both the predicted
peak and the free stream values of the velocity are slightly bigger
than those measured by Kiya and Sasaki (1983). The discrepancy
could be due to the differences in blockage ratio (1/20 in the exper-
iment and 1/16 in the current study), due to the Reynolds number
differences (26,000 in the experiment and 6500 in the current
study) and also due to the fact that it was turbulent separation
at the leading edge in the experiment while it is laminar separation
in the current study (even for the FST case as shown later). The pre-
dictions for both the FST and the NFST cases are very similar, espe-
cially at the first two stations the results for both cases are almost
identical. This indicates that 2% FST does not have a noticeable im-
pact on the mean velocity at all, also indicating that flow is still
laminar at separation for the FST case.

Fig. 4 shows the comparison between the predicted profiles of
the rms of streamwise velocity and the experimental data by Kiya
and Sasaki (1983), normalised by U0 at the same five streamwise
u
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Fig. 4. Axial velocity fluctuations rms profiles at five streamwise locations measured from
dashed line, LES (NFST case); symbols, experimental data.
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Fig. 5. Velocity fluctuations rms and Reynolds shear stresses at the mean reattachm
experimental data.
locations. The effects of FST can be clearly identified as the pre-
dicted results in the FST case show not only higher values far away
from the wall in the free stream, which can only be due to free-
stream turbulence at inlet, but also higher peak values near the
wall compared with the results in the NFST case. At the first two
stations the predictions for the FST case agree better with the
experimental data than the NFST results, implying that transition
may occur slightly earlier due to 2% FST. However, at the other
three stations the FST results show a slightly higher peak value
compared with the experimental data whereas a slightly better
agreement is obtained between the NFST results and the experi-
mental data in the near wall region. The peak value locations are
better captured in the FST case. At the first location the predictions
for both cases are very similar and the peak values are quite close
to each other, confirming that the flow is still laminar at separation
for the FST case as mentioned above.

The comparison between the predicted urms, vrms, �uv and the
experimental data by Kiya and Sasaki (1983) at the mean reat-
tachment location is presented in Fig. 5. Due to FST, as expected,
the predicted urms and vrms in the FST case are slightly higher com-
pared with the results in the NFST case. However, the predicted
shear stress is much higher in the FST case. A reasonably good
agreement bas been obtained between the LES results in both
cases and the experimental data for urms and vrms. However, there
is larger discrepancy between the predicted results and the exper-
imental data for shear stress as it is over-predicted in the FST case
and under-predicted in the NFST case. Furthermore, the predicted
peak value locations are all closer to the wall compared with the
experimental peak value locations, the impact of FST can still be
identified at this location where transition has more or less
finished.
’/U 0

0.6 0.8 1

the leading edge. Left to right, x/xR = 0.2, 0.4, 0.6, 0.8, 1.0. Solid line, LES (FST case);
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4.2. Transition process

The effects of FST on the overall transition process can be seen
from Fig. 6 which shows a snap shot of the instantaneous spanwise
vorticity in the (x, y) plane for the NFST case (a) and FST case (b) at
the mid-span location (it looks very similar at other spanwise loca-
tions). Flow separates at the leading edge and a stable free shear
layer develops initially for both cases. However, at certain region
downstream the free shear layer is inviscidly unstable via the Kel-
vin–Helmholtz mechanism and any small disturbances present
grow downstream with an amplification rate larger than that in
the case of viscous instabilities. Further downstream, the initial
formed 2D spanwise vortices are distorted severely and roll up,
leading to streamwise vorticity formation associated with signifi-
cant 3D motions, eventually breaking down into relatively smaller
turbulent structures at about the reattachment point and develop-
Fig. 6. Instantaneous spanwise vorticity: (a) NFST case; (b) FST case.

Fig. 7. The pressure spectra at x/xR = 0.05 and at y/xR = 0
ing into a turbulent boundary layer rapidly afterwards. For the FST
case the transition and the breakdown of the separated boundary
layer occurs earlier than in the NFST case and some of the clearly
identified 3D vortical structures such as Lambda-shaped vortices
in the NFST case can hardly be identified in the FST case (Yang
and Abdalla, 2005).

4.3. Pressure spectra

In order to elucidate if the low-frequency flapping may occur in
the current study (under 2% FST) LES data stored at seven stream-
wise locations were processed to get the velocity and pressure
spectra. The streamwise locations are: x/xR = �0.05, 0.05, 0.25,
0.5, 0.75, 1.0, 1.25, and also at two spanwise locations: z/xR = 0.2,
0.4. At each streamwise and spanwise location, time traces of
velocities were stored at four wall-normal locations: y/xR = 0.01,
0.05, 0.13 and 0.2. Those four wall-normal positions were chosen
to include the very near wall region, around centre of the mean
separation bubble height, edge of the mean free shear layer at x/
xR = 0.5, and in the free stream, with a total of 56 points. The results
presented below correspond to 19,870 samples at each point (ta-
ken every 10 time-steps) equivalent to 0.3974 seconds, enough
samples to provide reliable results over the relevant shedding fre-
quency range (the maximum frequency that can be resolved is
25 kHz and the lowest is about 5 Hz) as the typical low-frequency
flapping occurs at about fxR/Uo � 0.12 (Hillier and Cherry, 1981a;
Kiya and Sasaki, 1983; Cherry et al., 1984). Based on the current
data (xR = 0 .056 m and Uo = 9.425 m/s), this is equivalent to
20.2 Hz or the low-frequency flapping would happen every
0.0495 s which means that the samples collected over a length of
0.3974 s are able to cover more than eight low-frequency flapping
cycles and should have been able to capture this low-frequency
flapping if it exists in the current study.

Results shown below are at z/xR = 0.4 (about the central location
in the spanwise direction) since results at z/xR = 0.2 are very
.01 (a), y/xR = 0.05 (b), y/xR = 0.13 (c), y/xR = 0.2 (d).



1032 Z. Yang, I.E. Abdalla / International Journal of Heat and Fluid Flow 30 (2009) 1026–1035
similar. It has been found that the pressure spectra show a peak
clearly at almost all locations while this peak can only be vaguely
identified at certain locations in the velocity spectra so that only
the pressure spectra are presented below.

Fig. 7 shows the pressure spectra at x/xR = 0.05 and at four wall-
normal locations: y/xR = 0.01, 0.05, 0.13 and 0.2 (from the very near
Fig. 8. The pressure spectra at x/xR = 0.25 and at y/xR = 0

Fig. 9. The pressure spectra at x/xR = 0.5 and at y/xR = 0
wall region to the free stream area). It can be seen clearly from Fig. 7a
(y/xR = 0.01) and Fig. 7b (y/xR = 0.05) that there is small band of peak
frequencies at about 0.8–0.9U0/xR. This is close to the characteristic
shedding frequencies, 0.6–0.8U0/xR measured by Kiya and Sasaki
(1983), and 0.78U0/xR measured by Cherry et al. (1984). This peak
frequency band corresponding to the characteristic frequencies is
.01 (a), y/xR = 0.05 (b), y/xR = 0.13 (c), y/xR = 0.2 (d).

.01 (a), y/xR = 0.05 (b), y/xR = 0.13 (c), y/xR = 0.2 (d).
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not so apparent in Fig. 7c (y/xR = 0.13) and can be hardly identified in
Fig. 7d (y/xR = 0.2). However, there is no sign of any apparent low fre-
quency peak band at around 0.12U0/xR as shown in the measured
pressure spectra by Kiya and Sasaki (1983), Hillier and Cherry
(1981a) and Cherry et al. (1984).
Fig. 10. The pressure spectra at x/xR = 0.75 and at y/xR =

Fig. 11. The pressure spectra at x/xR = 1.0 and at y/xR = 0
Fig. 8 presents the pressure spectra at x/xR = 0.25 and at the
same four wall-normal locations as in Fig. 7. The spectra show
clearly a small band of peak frequencies at two wall-normal loca-
tions, y/xR = 0.01 and y/xR = 0.05, and the frequency rang is the
same as that shown in Figs. 7a and b (0.8–0.9U0/xR), close to the
0.01 (a), y/xR = 0.05 (b), y/xR = 0.13 (c), y/xR = 0.2 (d).

.01 (a), y/xR = 0.05 (b), y/xR = 0.13 (c), y/xR = 0.2 (d).



Fig. 12. The pressure spectra at x/xR = 1.25 and at y/xR = 0.01 (a), y/xR = 0.05 (b), y/xR = 0.13 (c), y/xR = 0.2 (d).
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measured characteristic shedding frequencies. Further away from
the wall at y/xR = 0.13 and y/xR = 0.2 this peak frequency band is
not clearly detected as shown in Figs. 8c and d. The low frequency
peak observed in the measured pressure spectra does not appear.

The pressure spectra at x/xR = 0.5 and at the same four wall-nor-
mal locations are shown in Fig. 9. The same frequency peak band
can only be clearly identified at y/xR = 0.13 while it can hardly be
seen at other three wall-normal locations. Again, the pressure
spectra at this streamwise location do not show any low frequency
peak. Going further downstream at x/xR = 0.75 this characteristic
shedding frequency band (0.8–0.9U0/xR) is clearly observable at
three wall-normal locations, y/xR = 0.01, 0.13 and 0.2 as shown in
Figs. 10a,c and d. There is no low frequency peak at around
0.12U0/xR at this location either.

Fig. 11 shows the pressure spectra at x/xR = 1.0 and at the same
four wall-normal locations and the same peak frequency band
(0.8–0.9U0/xR) corresponding to the characteristic frequencies dis-
cussed above is clearly visible at y/xR = 0.05 (Fig. 11b) and y/
xR = 0.13 (Fig. 11c). Further downstream the mean attachment
point at x/xR = 1.25 this peak frequency band only appears clearly
at the very wall region, y/xR = 0.13, as shown in Fig. 12a. Similar
to other streamwise locations the low frequency peak (0.12U0/xR)
shown clearly in the measured pressure spectra by Kiya and Sasaki
(1983), Hillier and Cherry (1981a) and Cherry et al. (1984) cannot
be identified.

5. Conclusion

A transitional separated–attached flow over a blunt flat plate
under 2% FST has been investigated numerically using the Large-
eddy simulation approach. A dynamic subgrid scale model is em-
ployed to approximate the unresolved subgrid-scale motion. Sev-
eral methods were tried to artificially generate turbulent inflow
data but were not satisfactory and the so called precursor method
was used to provide realistic turbulence with 2% turbulence inten-
sity at around the plate leading edge. The LES results compare rea-
sonably well with the available experimental data and the 2% FST
resulted in a 14% reduction in the mean reattachment length com-
pared with the NFST case. This is consistent with most of the
experimental work performed on the blunt plate geometry.

From the thorough spectra analysis from the current study the
low-frequency flapping is not present in the current study under
2% FST. This low-frequency mode has been detected in several
experimental studies of turbulent separation at the blunt leading
edge. Although the current study is under 2% FST the flow at the
leading edge is still laminar (laminar separation) so that this
low-frequency mode in separated–reattached flows may only ap-
pear in the case of turbulent separation as suggested by Cherry
et al. (1984). A peak frequency band at about 0.8–0.9U0/xR is clearly
visible in the pressure spectra and this peak frequency band is
close to the characteristic shedding frequencies, 0.6–0.8U0/xR, mea-
sured by Kiya and Sasaki (1983), and 0.78U0/xR measured by Cherry
et al. (1984).

The addition of 2% FST has produced more chaotic motion in the
free shear layer, causing earlier transition. The results indicate that
if the level of FST is raised further, a much more rapid transition
may occur with a different transition mechanism, similar to the
so called bypass transition in attached boundary layer flow.
However, under the current 2% FST level the shedding still occurs
with a characteristic shedding frequency equivalent to the value
in the NFST case. This indicates that the primary instability mecha-
nism of the NFST case (Kelvin–Helmholtz instability) is working
here too.
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