
AIAA JOURNAL

Vol. 43, No. 12, December 2005

Numerical Study of a Separated–Reattached Flow
on a Blunt Plate

Ibrahim E. Abdalla∗ and Zhiyin Yang†

Loughborough University, Loughborough, England LE11 3TU, United Kingdom

Large-eddy simulation (LES) of transitional separating–reattaching flow on a flat plate with a blunt leading edge
has been performed. The Reynolds number based on the uniform inlet velocity and the plate thickness is 6.5 ×× 103.
A dynamic subgrid-scale model is employed in the transitional flow case. The LES results compare reasonably well
with the available experimental data. The entire transition process has been visualized by using the LES data, and
large-scale vortical structures have been observed at different stages of transition. It is known that different vortex
shedding frequencies exist, especially the so-called low-frequency flapping when there is a separation bubble. It
is not clear whether all transitional and turbulent separating–reattaching flows have different vortex shedding
frequencies. It is also not clear what the working mechanisms are behind the so-called low-frequency flapping as
reported widely. These issues are addressed.

Nomenclature
C = Smagorinsky model constant
E p = pressure spectra
Eu = streamwise velocity spectra
Ev = wall-normal velocity spectra
Ew = spanwise velocity spectra
f = frequency
i = streamwise axis index
j = wall-normal axis index
k = spanwise axis index
Ū = mean streamwise velocity
U0 = freestream velocity
urms = rms value of the streamwise velocity
vrms = rms value of the wall-normal velocity
x = streamwise axis
xR = mean reattachment length of the separation bubble
y = wall-normal axis
yc = shear layer center; location of inflectional point
yδ = edge of the shear layer
z = spanwise axis
�x+ = wall-normal mesh size in wall units
�y+ = streamwise mesh size in wall units
�z+ = spanwise mesh size in wall units
ν = molecular viscosity

Introduction

S EPARATING–REATTACHING flows occur in a wide variety
of practical engineering applications such as airfoils at an angle

of attack, reentry vehicles, diffusers, tubomachines, combustors,
sudden area change in pipes or ducts, and atmospheric flows over
fences and hills. One of the fundamental features of this type of
flows is two basic modes of characteristic frequencies. The higher-
frequency mode is associated with the usual large-scale motions in
the shear layer, whereas the lower-frequency mode reflects overall
separation bubble growth/decay dynamics or shear layer flapping as
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it is frequently called in the literature. The objective of this paper is
to shed more light on this feature of separating–reattaching flows.

In a blunt plate geometry, Kiya and Sasaki1 (hereafter referred
to as KS) measured the cross spectrum |Eu′

v
′ | and the phase φu′

v
′

at the edge and the center of the shear layer at a Reynolds num-
ber of 2.6 × 104 based on the freestream velocity and the plate
thickness. The cross spectra attain a maximum at the frequency
f xR/U∞ ≈ 0.5, which is near the peak frequency of the measured
power spectra of the longitudinal velocity and surface pressure fluc-
tuation in the reattachment section. They assumed that these peaks of
the spectra correspond to the shedding of large-scale vortices from
the separation bubble, which they estimated to be 0.6–0.8 f xR/U∞.
They also measured the autocorrelation coefficient of the longitu-
dinal velocity fluctuations Ru′ u′ , which reveals a long tail observed
up to the location x/xR ≈ 0.5. Close to separation, at x/xR ≈ 0.02,
a high-frequency periodic wave is superimposed on the tail, the
nondimensional frequency f xR/U∞ being approximately 30. They
interpreted the high-frequency component as the frequency at which
the rolled-up vortices in the shear layer pass through the position
of a fixed hot-wire probe. They also suggested that the tail of the
autocorrelation curve is associated with the low-frequency flapping
motion of the shear layer near the separation line. They attributed
the flapping to a large-scale unsteadiness in the bubble, the origin
and nature of which was not clear at that time. By studying the cross
correlation of the surface pressure fluctuations at two separated lo-
cations, x/xR = 0.2 and 1.0, they concluded that the flapping of the
shear layer is closely related to the shrinkage and enlargement of the
separation bubble. They emphasized that this large-scale unsteadi-
ness is different from the smaller-scale unsteadiness caused by the
regular vortex shedding from the bubble, and the representative fre-
quency of the former is much lower than that of the latter by a factor
of 6.

Cherry et al.2 (hereafter referred to as CHL) measured velocity
and surface-pressure fluctuations on a blunt plate held normal to a
uniform flowfield at a Reynolds number of 3.2 × 104. The flow was
laminar before separation, but transition 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-frequency value was estimated to be about
one-fifth of the characteristic shedding frequency. Trying to explain
the main source of the phenomenon, CHL2 ruled out any experi-
mental error, side plate or aspect ratio, or tunnel acoustics to be the
reason behind the low-frequency unsteadiness. CHL2 were suspi-
cious about the effect of transition in the shear layer to be the cause.
This is because at a very low Reynolds number (3 × 103) their smoke
visualization experiment showed a significant low-frequency vari-
ability in the instantaneous transition position. However, because
transition at the test Reynolds number occurred extremely close to
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separation, and due to the fact that the phenomenon appeared in
the backward-facing step separations of both Eaton and Johnston3

and Cherry et al.,4 where it was already turbulent flow at separa-
tion, transition effect was ruled out too. CHL2 drew the conclusion
that “the low-wave number motion appears to be an integral feature
of fully turbulent separation.” Farther downstream from separation,
the spectra become dominated by a broad band shedding of vortic-
ity from the bubble. From the velocity spectra, the most dominant
shedding frequency is approximated to a value of f xR/U∞ = 0.7.

In the numerical simulation of Tafti and Vanka5 (hereafter re-
ferred to as TV), the autocorrelation of the streamwise velocity
near the center of the shear layer captured a low-frequency peak
about 0.15U∞/xR , which they attributed to the low-frequency flap-
ping of the shear layer. Superimposed on the low-frequency mo-
tion is a high-frequency motion with f = 4.2U∞/xR , which they
claimed to be caused by a selective high-frequency shedding from
the separated shear layer. This new high-frequency vortex shed-
ding from the separated shear layer is twice the predominant rate
of shedding (2.1U∞/xR) and selectively occurs with the period of
the low-frequency flapping. This selective high-frequency shedding
from the shear layer has not been distinctly reported by any previ-
ous and recent experimental studies. TV5 suggested that this phe-
nomenon is more prominent at low Reynolds numbers. The autocor-
relation of the streamwise velocity fluctuations reported by KS1 at
the center of the shear layer indeed shows a high-frequency content
( f = 30U∞/xR), which they attributed to the passing of rolled-up
vortices through the measurement location. However, the value of
KS1 (50 times the normal shedding frequency) is much higher when
compared with the TV5 case, which is about seven times as large as
the normal shedding frequency.

Cherry et al.,4 Castro and Haque,6 and Laura et al.7 detected both
the low- and high-frequency modes of unsteadiness for separated
flow behind a normal flat plate with a long central splitter plate.
However, Ruderich and Fernholz8 observed no dominant frequen-
cies in their power spectra for the same flow configuration, which
led them to believe that there is no flapping of the reattaching shear
layer. In the backward-facing step flow, both frequency modes were
detected in velocity measurements of Eaton and Johnston.3 They
argued that the observed low-frequency motion on the backward-
facing step flow is likely to be a consequence of an instantaneous
imbalance between the entrainment rate from the recirculation zone
and its resupply near the reattachment. Lee and Sung9 also detected
the two modes of frequency in their measured spectra of surface
pressure close to separation in a backward-facing step flow.

It is worth pointing out that, of all of the experimental and nu-
merical work discussed, almost all deal with turbulent separation
in the higher-Reynolds-number range with the exception of CHL,2

at which transition occurs almost at the separation point. Despite
the fact that the TV5 case is a low-Reynolds-number case, the initial
condition for TV5 was generated by superimposing spanwise pertur-
bations on a two-dimensional solution obtained from a previous sim-
ulation. The perturbations were applied to the streamwise velocity
just upstream of the separating edge, which led to breakdown of the
initially two-dimensional unsteady flowfield into three-dimensional
turbulence. This indicates that the flow is turbulent prior to the plate
leading edge, which hence likely leads to a turbulent separation.
The question that arises is; Will transition help to amplify this low-
frequency unsteadiness, or will it act as a filter to absorb and damp
it? This is going to be investigated in the present study.

Governing Equations and the Numerical Method
The filtered equation expressing conservation of momentum in a

Newtonian incompressible flow is written in an explicitly conserva-
tive form:

∂t (ūi ) + ∂ j (ui u j ) = −∂i P̄ + 2∂ j (ν S̄i j ) (1)

the strain S̄i j is

S̄i j = 1
2 (∂i ū j + ∂ j ūi ) (2)

and P̄ is the physical pressure divided by density.

The mass conservation law is expressed by the zero divergence
of the velocity field:

∂i ūi = 0 (3)

The equation for pressure is developed by taking the divergence of
Eq. (1):

∂i∂t (ūi ) + ∂i∂ j (ui u j ) = −∂i∂i P̄ + 2∂i∂ j (ν S̄i j ) (4)

and by using continuity equation (3) one finally obtains

∂i∂i P̄ = ∇2 P̄ = ∂i Hi (5)

Hi = ∂ j (−ui u j + 2ν S̄i j ) (6)

Equation (5) is particularly suitable for the time-accurate com-
putation of the pressure in an incompressible flow simulation using
linear differencing. The equation can be Fourier transformed in z (a
very rapid computational task) to obtain a set of decoupled equa-
tions, which in the Cartesian case is

∂2 P̃

∂2x
+ ∂2 P̃

∂2 y
− k2

z P̃ = R̃ (7)

This process can be performed even when the z derivatives are re-
placed by the finite difference formulas, provided that z in the sim-
ulation is periodic and has an even mesh. For example, the second-
order central scheme on an even uniform mesh:

∂2 P

∂2z
= Pn − 1 − 2Pn + Pn + 1

�z2
(8)

can be discrete Fourier transformed to give

∂2 P

∂2z
= −K 2

z P̃ (9)

where

Kz = 2 sin(Kz/2)

�z
(10)

and Kz is the usual discrete Fourier wave number.
The two-dimensional equation (7), one for each value of Kz can

be solved very quickly even when the geometry is complex as long
as it is homogeneous in one direction.

The subgrid-scale stress term

τi j = ui u j − ūi ū j (11)

represents the contribution from the subgrid scales and must be
modeled. In the present study, the dynamic model10,11 has been
applied. A base subgrid-scale model such as that of Smagorinsky12

is needed. One then applies a second, coarser spatial filter, called
the “test” filter, to the filtered governing equations.

Applying the base12 model at both filter scales,

τi j − 1
3 δi jτkk = −2C�2|S̄|S̄i j (12)

Ti j − 1
3 δi j Tkk = −2C(�̂2)| ˆ̄S| ˆ̄Si j (13)

Using the Germano identity (see Ref. 10) and following Lilly,11

C can be evaluated as

C = −1

2

Li j Mi j

Mi j Mi j
(14)

This evaluation of C differs from that of Germano et al.10 expressed
as

C = −1

2

Li j S̄i j

Mi j S̄i j

(15)
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In the current simulation C is defined as

C = −1

2

〈Li j Mi j 〉
〈Mi j Mi j 〉 (16)

where the angle brackets represent an average over the homoge-
neous z direction. The resulting C is a function of time and the
inhomogeneous coordinates x and y. In the present study the test-
filtered flow quantities were computed by spatial averaging over
nine surrounding grid cells.

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 by using an efficient hybrid
Fourier multigrid method. The spatial discretisation is second-order
central differencing, which is widely used in large-eddy simula-
tion (LES) owing to its nondissipative and conservative properties.
More details of the mathematical formulation and numerical meth-
ods in general coordinates have been reported elsewhere by Yang
and Voke.13

Details of Numerical Computation
Figure 1 shows the computational domain and mesh used in the

study. The size of the computational domain is 25D × 16D × 4D
along the x , y, and z axes, respectively, where D = 10.0 mm is
the plate thickness. The origin of the x coordinate is located 1

2 D
from the leading edge of the plate, and the inflow boundary is at
x = −4.5D, whereas the outflow boundary is at x = 20.5D. The
lateral boundaries are at 8D from the surface, corresponding to a
blockage ratio of 16. It is clear from Fig. 1 that the origin of the
lateral direction is the center of the plate, but it is worth pointing
out that for all profiles of the mean values the origin will shift to the
surface of the plate.

Two simulations were performed. In the first simulation
256 × 164 × 64 cells along the streamwise, wall-normal, and span-
wise directions were used. In terms of wall units based on the friction
velocity downstream of reattachment at x/xR = 2.5, the streamwise
mesh sizes vary from �x+ = 11.98 to �x+ = 59.92, �z+ = 24.96
and at the wall �y+ = 11.98. The time step used in this simulation
is 0.005655(D/U0). The simulation ran for 65,000 time steps to
allow the transition and turbulent boundary layer to become estab-
lished, i.e., the flow reached a statistically stationary state, and the
averaged results were gathered over a further 312,000 steps with a
sample taken every 10 time steps (31,200 samples) and averaged
over the spanwise direction too, corresponding to around 63 flow-
through or residence times.

In the second simulation the domain dimensions and the mesh
cells along the streamwise and spanwise directions are the same as
in the first simulation. Along the wall-normal direction the mesh
was refined by using 212 cells. In terms of wall units based on
the friction velocity downstream of reattachment at x/xR = 2.5, the
streamwise mesh sizes vary from �x+ = 9.7 to 48.5, �z+ = 20.2
and at the wall �y+ = 2.1. The time step used in the simulation

Fig. 1 Computational domain and mesh.

is 0.001885(D/U0). The simulation ran for 70,000 time steps to
allow the transition and turbulent boundary layer to become estab-
lished, and the averaged results presented later were then gathered
over a further 399,000 steps with a sample taken every 10 time
steps (39,900 samples) and averaged over the spanwise direction
too, corresponding to around 28 flow-through or residence times.
Instantaneous flowfields and time traces of velocity components at
certain points were also stored during the two simulations for the
purpose of visualization and analysis. Comparisons between the
two sets of results in terms of flow structures and spectra show little
difference, but the second set has better statistical agreement with
the available experimental data. All of the results presented in this
paper are taken from the second simulation, apart from the spec-
tral analysis part, which is taken from the first simulation as the
corresponding running time is longer than the second simulation.

A free-slip but impermeable boundary condition is applied on the
lateral boundaries. In the spanwise direction, the flow is assumed to
be statistically homogeneous and periodic boundary conditions are
used. No-slip boundary conditions are used at all walls. The inflow
velocity U0 is 9.425 m/s, uniform and aligned with the plate. The
Reynolds number based on the inflow velocity and plate thickness is
6.5 × 103. At the outflow boundary, a convective boundary condition
is applied. Nonuniform grid distributions are used in the x and y
directions, with finer resolution in the vicinity of the flat plate to
resolve the shear layers. A uniform grid distribution is used in the
spanwise direction.

In the present study, the center of the shear layer (yc) is defined as
the y location where the rms value of the streamwise velocity (urms)
attains a maximum value, consistent with the definition of KS.1 The
edge of the shear layer, yδ , is defined as the locus of points where
urms/U0 has a value of 2.5%. This definition is consistent with the
experimental studies of Djilali and Gartshore14 and CHL.2

Results and Discussion
Mean Flow Variables

The current LES results will be compared with the experimental
data by Castro and Epik15 (hereafter referred to as CE) with the
same geometry and Reynolds number. The difference is that CE15

used a flap to control the length of the bubble in the two cases
(with and without freestream turbulence). Also, the blockage ratio
of the experiment is approximately four times that of the simulation.
Comparisons are done here for the zero-freestream-turbulence case.

Because of the very limited data from CE,15 the LES results are
also compared with KS1 data and the numerical results by TV.5 To
facilitate comparison, the profiles are plotted as a function of y/xR at
corresponding values of x/xR , y is measured from the plate surface,
and xR is the mean reattachment length. The measured bubble length
is 7.7D by Castro and Epik,15 which is bigger than the simulated
bubble length (about 6.5D). This is a reasonably good agreement
taking into account the effect of flap and blockage ratio as mentioned
earlier. CHL2 reported a value of 4.9D ± 0.05D at higher Reynolds
numbers (3.2 × 104 ± 0.2 × 104). They also reported that the bubble
length started to increase when the Reynolds number was reduced
below 3.0 × 104. They attributed this to the gradual extension of the
laminar shear layer seen in the visualization of Hillier and Cherry.16

KS1 reported a slightly higher value of the mean reattachment length
(5.05D) for a Reynolds number of 2.6 × 104, whereas TV5 predicted
a value of 6.3D for a low-Reynolds-number (1 × 103) case.

Figure 2 compares the mean streamwise velocity distribution
Ū/U0 with the experimental data by KS1 and the numerical results
of TV5 at three streamwise locations. The results show a reasonably
good agreement with the data of KS.1 The predicted peak and the
freestream values of the velocity are bigger than those measured by
KS.1 This discrepancy could be mainly due to the blockage effects.
The results of TV5 have a better agreement with the current LES
results. The possible explanation is that the Reynolds numbers are
relatively low in both simulations and the blockage ratio is the same.

Profiles of the rms values of streamwise velocity, urms, normal-
ized by U0, at the same three stations discussed earlier are shown
in Fig. 3. The agreement between the LES results and the data of
KS1 and results of TV5 is good when facts such as the Reynolds
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a) x/xR = 0.2 b) x/xR = 0.6 c) x/xR = 1.0

Fig. 2 Profiles of mean streamwise velocity Ū/U0 at three streamwise locations. Also shown are measurements by KS1 at Re = 26 ×× 103 and numerical
results by TV5 at Re = 1 ×× 103.

a) x/xR = 0.2 b) x/xR = 0.6 c) x/xR = 1.0

Fig. 3 Profiles of mean streamwise turbulent intensity urms/U0 at three streamwise locations. Also shown are measurements by KS1 at Re = 26 ×× 103

and numerical results by TV5 at Re = 1 ×× 103.

a) b) c)

Fig. 4 Profiles of mean streamwise turbulent intensity urms/U0 at three streamwise locations. Also shown are measurement of KS1 at Re = 26 ×× 103

and numerical results by TV5 at Re = 1 ×× 103.

number effects and the differences in blockage ratio are taken into
consideration. At the first location (x/xR = 0.2), where the currently
predicted flow is still laminar, the peak values of urms/U0 are smaller
than those measured by KS1 and predicted by TV.5 The current
LES predicts a maximum value of urms of 0.285U0 at x/xR = 0.8
(not shown here). Simulation by TV5 shows a maximum value of
order urms/U0 = 0.32 in the region x/xR = 0.55–0.7, whereas the
measured maximum urms by KS1 is 0.26U0 at x/xR = 0.8. Other
experimental studies14 have shown maximum urms of up to 0.3U0.
Overall, the profiles of urms show a reasonably good agreement with
the data. Figure 4 shows the profiles of vrms/U0 at the same three
locations. For vrms, measurements have been reported by KS1 only
at x/xR = 1.0. The current LES results show good agreement with
the simulation results of TV5 and KS1 data as well. In the laminar
region at x/xR = 0.2 (Fig. 4a), the peak value predicted by the LES
is slightly lower than that predicted by TV.5 As discussed before,
this is likely due to the turbulent separation in the latter; although
the Reynolds number is low in TV’s5 simulation, the way they in-
troduced the perturbations would likely lead to turbulent separation.

From this discussion it is clear that the discrepancy between LES
results and the data of KS1 and simulation results of TV5 appear
mainly in the laminar region of the bubble. Good agreement is ob-
tained in other regions where the flow is transitional or turbulent.

The comparison of the Reynolds stresses at reattachment
(x/xR = 1.0) with the data of KS1 and CE15 is shown in Fig. 5.
It can be seen that the LES results overpredict the maximum value
for urms/U0 and vrms/U0 when compared with CE15 data at the
same Reynolds number. Data by CE15 yield a maximum value for
urms/U0, vrms/U0, and uv/U 2

0 of order 0.19, 0.13, and 0.014. The
corresponding predicted values by the LES are 0.25, 0.20, and 0.015,
respectively, whereas the data of KS1 suggest the corresponding
values to be of order 0.25, 0.20, and 0.021. It is evident that the
LES results are in good agreement with the KS1 data apart from
the −uv/U 2

0 variable. The current LES results have a better agree-
ment with the data of CE15 as far as −uv/U 2

0 is concerned. CE15

compared their data with KS1 and attributed the difference to be
a Reynolds number effect. Measurements by CE15 at x/xR = 1.0
were obtained with Re = 3.68 × 103 because of the upper velocity
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a) b) c)

Fig. 5 Reynolds stresses at the mean reattachment location. Also shown are the measurement by KS1 at Re = 26 ×× 103 and the data of CE15 at the
same location and same Reynolds number.

Fig. 6 Laminar bubble before transition.

Fig. 7 Instantaneous spanwise vorticity in the (x, y) plane.
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limit ≈6 m/s on the miniature pulsed-wire probe. Hancock17 has
shown that in the flat-plate-plus-splitter-plate case, an increase in
Re from 3.6 × 103 to 14 × 103 leads to an increase of about 28%
in the maximum axial stress at reattachment (attributed to the fact
that transition in the separated shear layer occurs earlier). Hillier
and Cherry16 found that the bubble shrank as the Reynolds number
increased from 27 × 103 to 34 × 103 (and was then unchanged for
higher Reynolds numbers). These two facts clearly indicate that in-
creasing Reynolds numbers will lead to higher values of stress level
at reattachment. On the basis of these arguments, CE15 concluded
that at the tested Re = 6.5 × 103, it is possible that the stresses at
reattachment are actually somewhat higher than those presented in
Fig. 5 by an estimated value of order 12%. Overall, this will bring
the current LES results to a better agreement with the data of CE15

which have the same Reynolds number.

Transition Process
The boundary layer develops on either side of the plate, as shown

in Fig. 1, and becomes fully turbulent well before the two outflow
boundaries. Instantaneously, the flow on either side of the plate can
be quite different and not symmetric, just as they would be in re-
ality. In the earliest stages of the simulation, a steady separation
bubble appears at the separation line (plate leading edge) and takes
a two-dimensional form similar to that found for a laminar separa-
tion bubble at low Reynolds number. Later, there could be several
bubbles formed just before transition starts. Figure 6 shows the
instantaneous flowfield on the (x , y) plane at z/xR = 0.2 at an inter-
mediate stage before transition starts. The bubble has grown in size
and extends longitudinally with secondary weak vortices emerging
from near the separation line, hanging to the boundary-layer edge
(structure a). Such secondary vortices travel downstream and merge
with other vortical structures to form a stronger vortical structure c,
which is on the way to be shed. In the meantime, the vortical struc-
ture b is under development to replace c. Structure b will become
stronger by merging with structure a, which is supposed to catch up
with it at some distance downstream. Up to this stage, this system of
vortical structures behaves in a laminar fashion and can maintain its
coherency along the spanwise direction. However, the picture will
change drastically when transition initiates.

At a certain stage the free shear layer formed in the bubble be-
comes inviscidly unstable owing to small disturbances imposed
in the simulation, breaking the the strong vortical structures that
formed toward the end of the bubble into two smaller vortical struc-
tures as the first sign of two-dimensional instability and vortex
shedding. The shear layer becomes more unstable, and the newly
formed structures break up again, with coherent three-dimensional

Fig. 8 Locations of points for spectral analysis.

a) b) c)

Fig. 9 Spectra for velocity components U, V, and W at x/xR = 0.05, y/xR = 0.01.

structures appearing. After several tens of thousands of time steps
the flow reaches a statistically stationary state. The transition pro-
cess can be clearly seen in Fig. 7, which shows the instantaneous
spanwise vorticity at various times (1000-time-step interval) in the
(x , y) plane at z/xR = 0.2. The vorticity at different z planes looks
very similar. In the first half of the bubble, a free shear layer develops
and two-dimensional spanwise vortices form. The free shear layer is
inviscidly unstable via the Kelvin–Helmholtz mechanism, and any
small disturbances present grow downstream with an amplification
rate larger than that in the case of viscous instabilities. Farther down-
stream, the initial spanwise vortices are distorted severely and roll
up, leading to streamwise vorticity formation associated with sig-
nificant three-dimensional motions, eventually breaking down into
relatively smaller turbulent structures after the reattachment point
and developing into a turbulent boundary layer rapidly afterward.

Velocities and Pressure Spectra
Velocity and pressure correlations are calculated at seven

streamwise locations, including a point just before separation
(x/xR = −0.05). The other six points are distributed within the sep-
aration bubble at x/xR = 0.05, 0.5, and 0.75; at the reattachment
x/xR = 1.0; and in the developing boundary layer after reattachment
at x/xR = 1.25 and 3.0 and also at three locations along the spanwise
dimension z/xR = 0.2, 0.4, and 0.6. For each streamwise location,
time traces of velocities U , V , and W and pressure P were stored
at four wall-normal locations at y/xR = 0.01, 0.05, 0.13, and 0.2.
These four wall-normal positions were designed to include the very
near wall region, the center, and the edge of the shear layer. There
are 84 points covering the whole domain. A total of 14,000 samples
at each point (taken every 20 time steps, with time step = 6 × 10−6 s)
were collected, corresponding to 1.68 s. A well-tested code utiliz-
ing the Fourier transform methods for autocorrelation was used to
process the data. The maximum frequency that can be resolved is
4.166 Kh. All of the figures that follow correspond to data at the
z location z/xR = 0.2. Figure 8 shows the exact location of the points
discussed in this section, excluding the last two points near the end
of the computational domain (x/xR = 3.0).

Close to the separation line and very close to the surface (Fig. 8,
point 1) (x/xR = 0.05, y/xR = 0.01), the spectra for the velocity
components U , V , and W are shown in Figs. 9a, 9b, and 9c, respec-
tively. At this station very close to the separation line, the spectra
do not show any spectacular high- or low-frequency content. The
spectra show no trace of the low-frequency peak identified by most
of the experiments discussed previously. At the same x location
and for y/xR = 0.05 (Fig. 8, point 2), y/xR = 0.13 (Fig. 8, point 3),

Fig. 10 Spectra for pressure at x/xR = 0.5, y/xR = 0.01.
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and y/xR = 0.2 (Fig. 8, point 4), the pressure and velocity spec-
tra are similar to those in Fig. 9, with no distinguished high- or
low-frequency contents appearing. The experimental work of both
KS1 and Cherry et al.2 emphasized the fact that close to separation,
the spectra are dominated by a low-frequency content that they at-
tributed to flapping of the shear layer as discussed previously. How-
ever, at this location (the closest to the separation line) the current
LES results do not indicate the existence of such a low-frequency
peak.

Figure 10 presents the spectra for pressure very close to the surface
(y/xR = 0.01) at x/xR = 0.5 (Fig. 8, point 5). The spectra clearly
show a peak at the high-frequency band, approximately 126–158 Hz.
This is equivalent to 0.7–0.875 U0/xR , which is in close agree-
ment with the experimental value of KS,1 0.6–0.8 U0/xR , and the
value, 0.7 U0/xR , obtained by CHL.2 Other studies for separated-
reattached flows (different geometries) reported a similar range of
this value. For the backward-facing step, Lee and Sung9 identified
this value as f xR/U0 = 0.5, Mabey18 as 0.5 ≤ f xR/U0 ≤ 0.8, and
Driver et al.19 as f xR/U0 = 0.6. In the splitter plate with a fence
geometry, Laura and Ahmed7 reported the higher-frequency range
as f xR/U∞ = 0.6–0.9. Spazzini et al.20 found their maximum to be
f xR/U∞ = 1.0, along with Heenan and Morrison.21 This higher-
frequency peak has been attributed to the shedding of large-scale
vortices from the separation bubble.

Moving upward at the same x location x/xR = 0.5, to the po-
sition y/xR = 0.05, slightly below the center of the shear layer
(Fig. 8, point 6), the spectra of the streamwise, wall-normal veloc-
ity and pressure (not shown here) show the regular high shedding
frequency 0.7–0.875 U0/xR . Moving farther along the y axis to the
location y/xR = 0.13 (Fig. 8, point 7), Fig. 11 shows the spectra
for the three velocity components, U (a), V (b), W (c), and pressure
P(d). This position is approximately at the edge of the shear layer.
The spectra for the velocity components reveal shedding at higher
frequency, 1000–1125 Hz or 5–6.5 U0/xR in addition to the reg-
ular high-frequency discussed earlier. This is approximately seven
times higher than the regular shedding value. Such higher-frequency
shedding from the shear layer has not been reported by any previous
experimental studies but by the numerical study of TV.5 The value
estimated by TV5 is 4.2 U∞/xR , which is exactly seven times the
regular shedding frequency of 0.6 U∞/xR . TV5 suggested that this

a) b)

c) d)

Fig. 11 Spectra for velocity components U, V, W and pressure at x/xR = 0.5, y/xR = 0.13.

phenomenon is more prominent at low Reynolds numbers and may
exist also at higher Reynolds numbers but has not been detected due
to measurement difficulties. However, it should be noted that the
autocorrelation of streamwise velocity fluctuations reported by KS1

at x/xR = 0.02 at the center of the shear layer indeed shows a very
high frequency ( f = 30U∞/xR), which they have attributed to the
passing of rolled-up vortices through the measurement location. Lee
and Sung9 have noticed a similar phenomenon in their experiment
behind a backward-facing step, but they attributed the peaks to the
tunnel noise from the fan. It is a phenomenon that needs more and
careful experimental study to clarify.

Moving downstream to the location x/xR = 0.75 and then mov-
ing upward across the same stations as discussed earlier, the same
scenario is repeated. Figure 12 shows the spectra for pressure at
y/xR = 0.01 (Fig. 8, point 9) very close to the surface. The pressure
spectra show only the regular shedding frequency identified in the
previously discussed spectra. The spectra at y/xR = 0.05 (Fig. 8,
point 10) for the velocity components U , V , and W and pressure P
(not shown here) also show only the regular shedding frequency. In
Fig. 13 (y/xR = 0.13) (Fig. 8, point 11), panels a, b, c, and d are,
respectively, the spectra for the velocity components U , V , and W
and pressure P . When compared, respectively, with Figs. 11a–11d
(Fig. 8, point 7), which is at the same y location but at x/xR = 0.5, it
is noticeable that the higher-frequency shedding is not so strong at
this location. At positions farther downstream, x/xR = 1.0 and 1.25
(not shown here), this phenomenon is not as apparent as in previous
stations.

Fig. 12 Spectra for pressure at x/xR = 0.75, y/xR = 0.01 at the surface.
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a) b)

c) d)

Fig. 13 Spectra for velocity components U, V, and W and pressure at x/xR = 0.75, y/xR = 0.13.

a) b)

c) d)

Fig. 14 Spectra for velocity components U, V, and W, and pressure at x/xR = 3.0, y/xR = 0.01.

At the last station (x/xR ≈ 3.0) Figs. 14a, 14b, 14c, and 14d
present the spectra for the three velocity components U , V , and W
and pressure P close to the surface (y/xR = 0.01). At this stream-
wise location, it is clear that the boundary layer is developing toward
a canonical form with no distinguished high- or low-frequency con-
tents. At the same x location and at y/xR = 0.05, 0.13, and 0.2, no
distinguished high- or low-frequency contents can be identified in
any of the velocity components or pressure spectra (not shown here).

Instead the spectra look quite similar to that of a fully developed tur-
bulent boundary layer. In addition, from the spectra at all the points
shown there is no indication of the so-called low-frequency flapping.

Large-Scale Structures
Shown in Figs. 15a–15d are low-pressure isosurfaces,

P = −0.1 ρ0U 2
0 , at four different times. It can be seen from Fig. 15a

that two-dimensional vortical structures (Kelvin–Helmholtz’s



ABDALLA AND YANG 2473

a)

b)

c)

d)

Fig. 15 Low pressure isosurfaces showing the break-up of the k-h rolls into smaller scale structures downstream of reattachment at a) t = 295.95
D/U0, b) t = 326.1 D/U0, c) t = 395.9 D/U0, and d) t = 427.9 D/U0.

billows) exist at the early stage of the bubble, oscillate in the span-
wise direction, and grow in size and become more distorted as
they travel downstream. The initially shed spanwise roll becomes
severely distorted owing to three-dimensional motion setting in. At
this stage, it can clearly be seen that �-shaped vortical structures
start to form. However, the large-scale coherency of the flow is
still observed, with the original Kelvin–Helmholtz billows being
stretched into big �-shaped vortices. These vortices impinge on the
wall and then stretch into big archlike vortices as they are convected
downstream (Fig. 15c). However, �-shaped vortices persist a con-
siderable distance downstream after reattachment, as can be seen
from Fig. 15d. In their numerical simulation of the unsteady sep-
arated flow over a blunt plate, TV5 concluded that the separation

bubble is characterized by large coherent structures in the form of
spanwise vortices. The �-shaped vortical structures identified in the
present study were also identified in the LES results of Yang and
Voke22 and are consistent with the idea put forward by Kiya and
Sasaki23 from their experimental study. The persistence of the �-
shaped vortices is likely to be the reason behind the slow relaxation
of the mean streamwise toward canonical turbulent boundary-layer
profiles.

Conclusions
Large-eddy simulation has been performed to study numerically

the transitional flow over a blunt plate held normal to a uniform
stream. The LES results compare reasonably well with the available
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experimental data. The transition process leading to breakdown to
turbulence has been elucidated and visualized.

The current LES of low-Reynolds-number transitional separated
boundary-layer study does not show the low frequency that most
of the experiments have identified and that are believed to be due
to the flapping of the shear layer. KS1 estimated this frequency to
be of the order 0.2 U0/xR . Based on the data of KS,1 this is equiv-
alent to 50 Hz. In the current LES, the maximum frequency that
can be resolved is 4.166 kHz (50 U0/xR). The sampling was car-
ried out over 264 xR/U0 time unit. If we roughly assume that the
low frequency should be of the same order as that of KS,1 then our
samples are able to cover 53 low-frequency cycles. This low fre-
quency, which has been identified in most of the experiments, is not
captured in the current LES study. TV5 carried out sampling over
a period of time that was equivalent to three low-frequency cycles,
and their data captured the low-frequency phenomenon. However,
there is a major difference between our case and almost all of the
cases we are referring to. Our case is transitional with a pure two-
dimensional laminar region at separation and almost up to x = 0.25
xR , as discussed previously. We believe that the laminar part of the
bubble works as a filter to filter out this low-frequency flapping of
the shear layer. The experiment by Cherry et al.2 deals with transi-
tional separation on the same geometry used in this computations,
but transition occurs extremely close to separation. At very low
Reynolds numbers, their smoke visulization showed low-frequency
variability in the instantaneous transition position but not in the lam-
inar part. However, measurements made in the same model with a
high level of grid-generated turbulence in the freestream showed a
marked contribution at low frequencies.

Based on this, it may be concluded that “the low-wavenumber
motion appears to be an integral feature of a fully turbulent sepa-
ration.” KS1 proposed that the reason behind the flapping observed
most clearly near the separation line is that the cross-sectional di-
mensions of the rolled-up vortices are at least comparable to the
spatial extent of the flapping. All of these arguments indicate that
two factors should exist for the low-frequency mode to be detected:
1) there must exist some sort of turbulent vortical structures and
2) the cross-sectional dimensions of the these vortical structures are
weak and at least comparable to the spatial extent of the flapping.
At reattachment, KS1 estimated the average center of the vortices to
be at about 0.2 xR from the plate surface and the average longitudi-
nal distance between the vortices to be 0.7–0.8 xR . However, there
is no information available regarding the structure of the rolled-up
vortices at which the spatial extent of the flapping can overcome
and hence dominate the dynamic of the flow. Usually, at separation,
a primary weak vortical structure develops and becomes stronger
as it approaches the reattachment region by merging with another
vortical structure, as described in many studies. Thus in the vicinity
of the separation line it is expected that the the lateral and longitu-
dinal dimensions of the vortices will be quite small despite the fact
that they are coherent along the spanwise direction. We believe that
this low-frequency mode in separated–reattached flows will be more
apparent in the case of turbulent separation where rolled-up vortices
appear even at separation line. Therefore it may be drawn from the
current study that the low-frequency mode will probably not occur
in low-Reynolds-number transitional separated–reattached flows.
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