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ABSTRACT 
A laminar boundary layer over a solid surface occasionally 

separates under the influence of adverse pressure gradient or 
sudden change of curvature, undergoes transition due to 
amplification of the disturbances, becomes turbulent and finally 
reattaches to form a separation bubble. In this paper, effects of 
inlet perturbations manifesting free-stream turbulence (fst) are 
examined to highlight the physics of unsteady flow and heat-
transfer induced by a change of surface curvature using Large-
eddy simulations (LES). Two kinds of inlet perturbations are 
considered: one case with a deterministic frequency (denoted as 
case1) and other being a band of frequencies (denoted as 
case2). The Reynolds number based on inlet velocity and 
leading edge diameter is 3450. The LES resolves the instability 
of the separated shear layer and its breakdown forming large- 
and energetic small-scale structures, which retain their 
appearance far downstream. When compared with the 
literature, it suggests that the excitation of boundary layer and 
thus, history of transition is sensitive to the imposed 
perturbations, although time-averaged flow characteristics are 
similar. 
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INTRODUCTION 
A separation bubble is observed close to the leading edge of 

an airfoil, on a high-lift gas turbine blade and on wings of a 
micro-aero-vehicle. Presence of the separation bubble 
deteriorates the performance such as loss of lift with an 
increase of drag and may act as a source of noise. The 
schematic of a laminar separation bubble formed over a leading 
edge is shown in Figure 1 following Ref. 1. The part of the 
bubble near the separation point contains fluid that is almost 
stationary. This region is called ‘Dead-air’ region, which is 

associated with an almost constant pressure distribution. Near 
the reattachment point the bubble contains a region of strong 
re-circulating velocities and can be attributed to the presence of 
‘Reverse flow’ vortex. A strong pressure gradient exists in this 
region.  

 
Figure 1 Mean flow structure of a laminar separation bubble 
following Ref. 1 

 
Many studies were reported illustrating growth of 

disturbances of a separated shear layer in space and time 
leading to breakdown. The most notable advancement in the 
understanding of bubble structure and behaviour came with the 
work of Gaster [2] illustrating the existence of regions of 
absolute instability, where the separation was on a flat surface 
because of pressure gradient. The results of Direct Numerical 
Simulation (DNS) of laminar separation bubble on a flat plate, 
where the separation was created by suction applied on the 
upper boundary is also available in literature [3, 4]. Results of 
simulation show that the separated shear layer undergoes 
transition via Λ-vortex-induced breakdown and reattaches as 
turbulent flow, slowly recovering to an equilibrium turbulent 
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boundary layer. LES of flow over a blunt leading edge was 
carried out by Yang and Voke [5]. Their results indicated that 
the free shear layer formed in the separation bubble is 
inviscidly unstable and a significant growth of three-
dimensional motion is observed in the second half of the 
bubble, leading eventually to fully turbulent flow around the 
mean reattachment. Recently, McAuliffe and Yaras [6] 
performed numerical studies of a separation bubble over a flat 
plate for two cases: one with an undisturbed free-stream and 
other with elevated free-stream turbulence. Under low fst 
condition, transition occurs via the Kelvin-Helmholtz (K-H) 
mechanism, while the path to transition is through transient 
growth or nonmodal growth for the other case. 

In this paper, results from an LES are presented to elucidate 
the transition, growth of three-dimensional motions and heat-
transfer characteristics owing to flow past a semi-circular 
leading edge for fst manifested by two different kinds of 
imposed inlet perturbations. The Reynolds number based on the 
leading edge diameter D and inlet velocity Uo is 3450, which is 
the same as the simulation of Yang and Voke [5]. The objective 
of the present work was to examine the effect of imposed 
perturbation on transition of a separated boundary layer apart 
from resolving the unsteady flow and heat transfer with change 
of fst. The magnitudes of the inlet disturbances were so 
adjusted that it yields almost the same mean bubble lengths. 
However, the turbulence intensity evaluated at a point 0.2D 
upstream of the stagnation point along the centre-line at the 
mid-span were found 0.70% with case1 and 0.36% for case2.  

NOMENCLATURE 
 

D [m] Leading edge diameter 
Cf [-] Coefficient of friction 
Cp [-] Coefficient of pressure 
f [Hz] Most amplified frequency 
fst [-] Free-stream turbulence 
G [-] Clauser parameter 
H [-] Shape factor 
l [m] Bubble length 
m [-] Thwaites parameter 
Nu [-] Nusselt number 
P+ [-] Turbulent production kinetic energy, scaled with wall 

parameters 
Pr [-] Prandtl number 
Reθ  [-] Reynolds number based on momentum thickness and 

local free-stream velocity 
St [-] Strouhal number, Stanton number 
T [K] Temperature 
T ′  [K] RMS temperature fluctuations 
Tu [-] Turbulence intensity 
U [m/s] Velocity component in x-direction 
u  [m/s] Average velocity 

, ,u v w′ ′ ′  [m/s] RMS velocity fluctuations along x,y and z directions 
respectively 

x, y, z [m] Cartesian coordinates  
, ,x y z+ + +∆ ∆ ∆  [-] Grid spacing in terms of wall units  

 
Special characters 
δ  [m] Boundary layer thickness 

*δ  [m] Displacement thickness 

wδ  [m] Vorticity thickness 

θ  [m] Momentum thickness 

λ  [-] Velocity ratio 
Λ  [-] Horton criterion 
ν  [m2/s] Kinematic viscosity 
ω  [-] Most amplified non-dimensional frequency 
 
Subscripts 
e  Local condition 
sep  Separation point 
max  Maximum 
R  Reattachment point 
0  Inflow condition 

COMPUTAIONAL DETAILS 
The three-dimensional unsteady Navier-Stokes equations 

along with energy equation are solved for Newtonian 
incompressible flow in Cartesian coordinate system. A dynamic 
subgrid-scale model proposed by Germano et al. [7] and 
modified by Lilly [8] is used to model the SGS stress tensor 
and temperature flux, which represent the effect of subgrid 
motion on the resolved field of LES. Here, the model 
coefficient is dynamically calculated instead of input a priori.  

The equations are discretized in space using a second order 
symmetry preserving central difference scheme, which are 
widely used in LES for their non-dissipative character [9, 10]. 
The time advancement is explicit using the second-order 
Adams-Bashforth scheme [11] except for the pressure term, 
which is solved by a standard projection method. The pressure 
equation is discrete Fourier transformed in one dimension (in 
which the flow can be considered homogeneous) and is solved 
by the BI-CG algorithm in the other two directions [12]. The 
solver used in the present simulation has been extensively 
validated for variety of transitional and turbulent flows [13-15]. 
The details about the solver are available in Ref. 15.  

 
Figure 2: Computational grid and the domain for the semi-
circular leading edge. 
 

To resolve the leading edge in Cartesian geometry, the 
Immersed Boundary (IB) method is used here to apply the 
boundary conditions, where the geometry is non-conformal to 
the grid. IB technique used here belongs to the class of 'direct 
forcing’ method [16]. The velocity and temperature field near 
the boundary of the body is modified at each step in such a way 
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that the no-slip boundary condition and the constant 
temperature wall are satisfied. This is done using an 
interpolation technique, which is equivalent to including a body 
force in the momentum and energy equations. In the present 
simulation, the quadratic unidirectional interpolation technique 
is used [15, 17].  

Figure 2 depicts the computational domain and the mesh. 
The origin of the computational domain is the centre of the 
semicircular leading edge. The streamwise, wall normal and 
spanwise direction are the x, y and z directions, whereas, the 
corresponding velocity component are u, v and w. The domain 
extends form -7.5D to 10.0D in the streamwise direction, -7.5D 
to 7.5D in the flow normal direction. The z-span used in the 
simulation is 2.0D. A previous study on boundary layer 
separation using similar geometry at same Reynolds number 
reported that a length of 2D in the z-direction was sufficient to 
resolve the flow structure [5]. Free-stream boundary condition 
is imposed at the top and bottom boundary of the computational 
domain. At the inlet, the inflow velocity is considered as 
uniform and parallel to the plate, while a convective boundary 
condition is taken at the outflow boundary. The spanwise 
direction is taken to be periodic. The grid in z-direction is 
uniform, while non-uniform grid distributions are used in the x 
and y directions with finer resolution in the vicinity of body to 
resolve the boundary layer. A mesh refinement test was carried 
out and a mesh of 304×224×64 in the streamwise, wall normal 
and spanwise directions was chosen. A sub domain of size 
3.7D×3.0D near the leading edge is considered, where a refined 
mesh is used to properly resolve the flow using IB method. A 
total of 161×184 grid points are employed inside this region. 
Away from the body surface in crosswise and in streamwise 
direction the meshes are slowly stretched out and finally a 
uniform grid is employed. The near wall resolution in a region 
x/D =0.0-3.0, y/D=0.0-0.5 (from the surface) is 2.5< Δx+<5.5, 
1.2< Δy+<5.25 and 3.0< Δz+<7.0. 

 

RESULTS AND DISCUSSIONS 

MEAN FLOW CHARACTERISTICS 
The variations of coefficient of skin friction Cf as a function 

of distance (normalized with respect to leading edge diameter) 
from blend point for the two cases considered are shown in 
Figure 3. The initial flat portion after the separation point 
corresponds to the dead air region of the bubble, whereas, the 
reverse flow vortex region is associated with a much larger 
negative skin friction. The separation and reattachment points 
are located by zero crossing of Cf plots. The time averaged 
bubble length in the experiment was about 2.75D for an fst less 
than 0.2% [18]. In the present LES, a bubble length of 2.78D 
was obtained for case1, whereas, the bubble length was 2.82D 
for case2. 

 

 
Figure 3 Variation of Cf and St for the separation bubble 

 

 
 

 
 

 
 

Figure 4 (a) Mean streamwise velocity, (b) r.m.s. streamwise 
velocity fluctuation u’, (c) Reynolds stress -<u’v’>, computed 

at seven streamwise locations measured from the blend point at 

x/l = 0.22, 0.44, 0.66, 1.09, 1.27, 1.64, 2.55. , case1;   
- - - - -, case2, ○○○ experimental data. 

 
To illustrate the evolution of heat transfer in the separated 

boundary layer, the distribution of Stanton numbers (St) is 
superimposed on the Cf  distribution. A factor of 2Pr(2/3) is used 
for flow and heat transfer analogy, where Pr denotes prandtl 
number [19].  This widely used analogy is based on 
experimental data for both laminar and turbulent flows. The 
Stanton number becomes maximum at the point where the Cf  

(a) 

(b) 

(c) 

y/
l 

y/
l 

y/
l 
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is minimum, which corresponds to the breakdown of shear 
layer. As downstream is approached 2StPr(2/3) slowly drops 
down and approaches the value of Cf illustrating an equilibrium 
boundary layer. 

 

 
 

 
 

 
 
Figure 5 (a) Mean Temperature, (b) r.m.s. temperature 

fluctuation T ′ , (c) Turbulent heat flux u T′ ′− , computed at 
seven streamwise locations measured from the blend point at x/l 

= 0.22, 0.44, 0.66, 1.09, 1.27, 1.64, 2.55. , case1;   - - 
- - -, case2, 

 
The mean streamwise velocity and rms. fluctuation along 

the streamwise direction are compared with the experimental 
data of Coupland and Brierley [18] at seven streamwise 
locations, Figure 4a-b. The profiles are plotted as a function of 

/y l  at different values of /x l , where, l  is the mean bubble 
length. The origin for the plots has been chosen at the top blend 
point, where the leading edge joins the flat plate. In these 
figures, the profiles are arbitrarily shifted on horizontal axis to 
represent the variation of flow variables with respect to the 
change in position along the streamwise direction. There is not 
much change in the mean streamwise velocity profile for the 
two types of imposed perturbations. The match with the 
experimental results is also good. The profile approaches an 
equilibrium profile at the last station. There are some minor 
differences in the rms fluctuations for the two cases, especially 
at the second and third station. The main difference is that for 
case1 a double peak structure is seen, while for case2, it shows 

only a single peak. Experimental results are also not available 
near the wall for these stations. 

The magnitude of u′  begins to increase in the shear layer 
after separation. The peak in u′ occurs in the outer layer for 
streamwise locations inside the bubble, while the peak is 
shifted towards the wall after reattachment. Just downstream of 
separation, the increase in u′ occurs with an almost zero value 
of turbulent stress u v′ ′− , which indicates that the shear 
layer is laminar. As flow proceeds downstream, non-zero 
values of u v′ ′− appear in the second half of the bubble. For 
locations just downstream of reattachment, the peak values of 

u v′ ′− is well away from the wall, indicating a high active 
outer layer, that is generally being observed for a separated 
layer. It has also been seen that the reattached turbulent 
boundary layer slowly approaches to an equilibrium condition 
far downstream. The two kinds of perturbation have resulted in 
almost similar time averaged characteristics of the separated 
layer and the results are consistent with those reported earlier 
[20].  

The mean temperature profiles are plotted in Figure 5a and 
r.m.s. value of its fluctuations (T ′ ) in Figure 5b. The mean 
temperature profile like the velocity profile does not show any 
appreciable difference for the two cases. The high near wall 
temperature after reattachment is because of dissipation.  
However, higher values of T ′  fluctuations with double peak 
are seen in the outer layer for case2 compared to case1 within 
the separated region. The fluctuations in the outer layer die 
down as the flow proceeds downstream with development of a 
peak near the wall. Similar effect is seen in the turbulent heat 
fluxes u T′ ′− (Figure 5c), depicting high values in the shear 
layer near reattachment. This illustrates significant turbulent 
heat flux from the wall because of breakdown of bubble and 
formation of large-scale vortices. After reattachment, the near 
wall heat flux predominates illustrating an equilibrium layer. It 
should be noted that there are difference in minute details in 
profiles of T ′  within the separation bubble and u T′ ′− after 

reattachment, which is consistent with u′ and u v′ ′− . 

The distribution of surface pressure coefficient ( pC ) along 
the streamwise direction is shown in Figure 6. It can be seen 
that the location of the bubble corresponds to a region of strong 
adverse pressure gradient. The adverse pressure is found to 
exist a short distance downstream of reattachment, followed by 
a favourable pressure gradient. The time-averaged surface 
characteristics when non-dimensionalised with bubble length 
are found to be similar for the two imposed inlet perturbation.  

Figure 7 plots the variation of boundary layer displacement 
thickness, momentum thickness and shape factor for the two 
imposed inlet disturbances. The shape factor reaches maximum 
value at start of transition [21]. It can be seen that shape factor 
is maximum at x/l = 0.56 irrespective of type of perturbation 
imposed. The value of shape factor at reattachment is found to 
be 3.13 and 3.82 for case1 and case2 respectively. This is close 

(c) 

(b) 

(a) 

y/
l 

y/
l 

y/
l 
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to the value 3.5 predicted by Horton [22]. H is found to reach 
an asymptotical value of 1.6, which is close to the value 1.3-1.4 
taken as the shape factor for turbulent flow over a flat plate 
with no pressure gradient. The momentum thickness starts 
growing after x/l = 0.7 and becomes maximum after 
reattachment illustrating augmentation of turbulence due to 
breakdown and formation of large-scale vortices. 

 

 
Figure 6 Variations of Cp in streamwise direction 

 

 
Figure 7 Variations of boundary layer integral parameters 

 
Separation criterion based on the parameter m has been 

reported in literature. The parameter m is based on flow 
conditions at separation and is calculated as  

2
sep e

sep

dUm
dx

θ
ν

 =  
 

 

Curle & Skan [23] found -0.171 < m < -0.068 for the onset of 
separation, while Thwaites [24] suggested m = -0.08. In the 
present simulations, m was found to be -0.072 and -0.073 for 
case1 and case2 respectively, which are within the limits [23]. 
Another integral parameter is the Horton’s criterion at 
reattachment defined as  

e
R

e R

dU
U dx
θ 

Λ ≡  
 

 

The suggested value of which is -0.0082 [22] and was later 
modified [25] to -0.0059. In the present simulation, the value of 
this parameter was found to be -0.0024 and -0.0031. The 
difference in the values may be appreciated because boundary 
layer separation in the present case is induced by the leading 
edge curvature. It should be noted that Horton’s or Thwaites 
criterion for separation is derived neglecting the effect of 
surface curvature.  

INSTABILITY ANALYSIS 
The necessary and sufficient condition for flow to be 

unstable via invisid instability is the presence of an infection 
point in the velocity profile. From Figure 4(a), it can be seen 
that the velocity profiles have an infection point and are hence 
invisidly unstable. A detailed instability analysis follows. 
Similar to a mixing layer, a free shear layer between two 
streams of velocities U1 and U2 has two velocity scales: the 
velocity difference 1 2u U U∆ = −  and the average 

velocity ( )1 2 2u U U= + . Vorticity thickness 

( )maxw u du dyδ = ∆ may be used as the characteristic length 
scale. The velocity difference across the shear layer is 

characterised by the factor velocity ratio ( )2u uλ = ∆ . The 

most amplified non-dimensional frequency 

( )max
1 2
4 w f uω δ π =  

 
is almost constant (0.222 to 0.21) 

for a wide range of λ (0 to 1). In the present study, maxω  is 
found to occur within the above limits at various streamwise 
locations for the two cases. The close agreement between the 
theoretical and experimental results indicates that the flow is 
unstable via inviscid instability mechanism.  

It has been shown that the flow is absolutely unstable for 
reverse flow is greater than 15% [3]. For the current 
simulations, the maximum reverse flow is found to be less than 
10% in the regions where transition initiates and hence it can be 
concluded that there are no regions of absolute instability.  

INSTANTANEOUS FLOW STRUCTURES: 
Figure 8 and 9 shows the instantaneous temperature 

contours: (a) in the side view (x-y plane) at mid-span and (b) in 
the top view (x-z plane) at y = 0.04D from top wall. The 
contours of instantaneous temperature illustrate the internal 
growth mechanism of shear layer and formation of three-
dimensional flow structures under excitation of the two kinds of 
inlet perturbations. The temperature contours in the x-y plane 
(side view), illustrates that the instability of the separated shear 
layer is attributed to the enhanced receptivity to perturbations 
forming K-H rolls that break down near reattachment. Both the 
perturbations have resulted in similar effect evolving shedding 
of large-scale vortices that retain their identity far downstream.  
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The difference in excitation is more appreciable in the x-z 
plane (top view) for a wall normal location of y/D = 0.04. 
Three-dimensional motions sets in downstream of x/l = 0.3, 
followed by appearance of longitudinal streaks, the 
characteristics of transition. These streaks undergo elongation 
and breakdown near the reattachment forming small scale 
eddies. It is interesting to note that the spanwise characteristics 
of these streaks in the shear layer are different with inlet 
perturbation with a band of frequencies. In this case, the small 
scale eddies are abundant as compared with the imposed inlet 
perturbation having a deterministic frequency. 
 

 

 
 
 

Figure 8: Instantaneous flow structures for case1 (imposed 
perturbations having a deterministic frequency) 

 

 

 
 
 

Figure 9: Instantaneous flow structures for case2 (imposed 
perturbations having a band of frequencies) 

TURBULENCE SPECTRA  
It has been seen that the shedding process from a separated 

shear layer seems to happen within a range of frequencies 
rather than with a single frequency. The shedding frequency 
may be non-dimensionalized using the momentum thickness 
and local free stream velocity at separation to get the Strouhal 
number (St). The reported values of St are 0.0068 [26], 0.005 to 
0.011 [5], 0.011 [6] to mention a few. In addition, a low 
frequency flapping corresponding to St = 0.001 has also been 
observed [5, 27]. It was explained in Ref.5 that during normal 
vortex shedding, small bubbles are ejected from the tail of a big 

separation bubble resulting in a slight change in the 
instantaneous reattachment point. However, the small bubbles 
may occasionally coalesce and then eject from the separation 
bubble resulting in a low frequency flapping and large 
reduction in the reattachment point. 

The spectra of velocity fluctuation for the two different 
kinds of imposed perturbations at y/l = 0.04 and mid-span are 
shown in Figure. 10 and 11 for the stations /x l = 0.0 to 1.2 in 
steps of 0.1, 1.5, and 2.0. The power spectral density (PSD) has 
been shifted by an arbitrary amount in the vertical axis.  

 
Figure 10 Spectra of velocity fluctuation for case1 (imposed 

perturbations having a deterministic frequency) 
 

 
 

Figure 11 Spectra of velocity fluctuationfor case2 (imposed 
perturbations having a band of frequencies) 

 

x/D 

x/D 

z/
D
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For case1 (imposed inlet perturbations with single 
frequency), the vortex shedding is dominated by the imposed 
frequency and its harmonic, which is twice the imposed 
frequency. This can be noted from very beginning of the 
bubble. The peak occurs at imposed frequency till x/l = 0.4 and 
then further downstream its harmonic becomes predominant 
and the amplitudes being comparable. It should be noted that 
the harmonic when non-dimensionalised (St = 0.0055) falls 
within the range 0.005 – 0.011. However, at x/l = 0.8 and 
beyond, a wide range of frequencies (St = 0.0015 to 0.015) are 
apparent with can be attributed to the breakdown of shear layer. 
However, even far downstream the existence of the imposed 
frequency and its harmonic prevail, illustrating the fact that the 
shear layer instability and the shedding process is highly 
influence by the inlet imposed frequency of perturbation. 

What is revealing to note is that for case2 (imposed inlet 
perturbations with wide range of frequencies), no perturbations 
are observed up to x/l = 0.2 depicting that the flow is laminar in 
the beginning of separation. At x/l = 0.3 and beyond, the vortex 
shedding is not periodic with a single frequency, rather the 
shedding process occurs with a wide range of frequencies, St = 
0.005-0.011, which is the same as reported earlier by Yang and 
Voke [5]. The averaged frequency can be estimated to be about 
St = 0.008. In addition, there is also a peak at St = 0.001, which 
indicates the occurrence of low frequency flapping. At x/l = 0.3 
to 0.5, the frequency corresponding to maximum amplitude is 
at St = 0.00686, which is close to the value obtained in 
simulation by Pauley et al [26]. Between x/l = 0.7 - 0.8, 
breakdown occurs with a wide range of frequencies (St = 
0.0015 to 0.019) indicating appearance of energetic small scale 
eddies. The relatively wider spectra with band of frequencies 
which has been resolved can be correlated with the abundant 
small scale eddies present in the instantaneous flow structures 
Figure 9. 

The history of flow and the path of succession through 
which transition and breakdown occur appear more natural for 
case2 compared to case1. Thus, although the time-averaged 
characteristics become independent of imposed perturbations, 
the path of succession through which transition occurs is 
influenced by imposed perturbations. Thus, the more realistic 
flow features will be resolved if a proper inlet perturbation is 
imposed. A model of imposed perturbation that properly 
mimics free-stream disturbance in wind tunnel is needed to 
resolve the transitional flow. Caution should be taken while 
resolving the transitional flow with imposed perturbations 
having a single frequency. 

BOUNDARY LAYER RELAXATION 

The Clauser parameter defined as 1 2

f

HG
H C
− =  

 
 is 

plotted as a function of ( )R Rx x δ− in Figure 12. Both the 
inlet disturbances have resulted in similar trend. The boundary 
layer relaxation approaching to equilibrium can be appreciated 
by the Clauser parameter [3]. Flat plate boundary layer with 
zero pressure gradient has an equilibrium value of G = 6.8. 
However, in the present work, the flow is past a semi-circular 

leading edge and hence experiences a non-zero pressure 
gradient. Thus, the departure of the values of Clauser parameter 
from 6.8 in the present case may be attributed to the concerned 
flow environment. It appears that the boundary layer relaxation 
is slow and recovery length to reach a fully equilibrium layer 
would require much longer computational box. Similar 
observation was also noted while studying the boundary layer 
relaxation from a laminar separation bubble [3].  

 

 
 
 

Figure 12: Boundary layer development after reattachment 
 

 
 
Figure 13: Boundary layer development after reattachment for 

case1 (imposed inlet perturbations with single frequency) 
 

The velocity profile for case2 at different streamwise 
locations is compared with the log-law velocity profile. A slow 
relaxation of the profile to the log-law profile is observed with 
the velocity profile always lagging below the log law profile. A 
similar trend is also observed for case1. It should be noted that 
there is considerable difference between the turbulent boundary 
layer profile just downstream of reattachment and a canonical 
layer. It takes at least seven times the bubble length to reach an 
equilibrium layer [3]. Castro and Epik [28] have shown that the 
recovery length of attached turbulent boundary layer to reach 

( )R Rx x δ−  

y+ 

u+ 

G 
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equilibrium is more than 75 times boundary layer thickness at 
reattachment.  

To characterise the state of boundary layer after 
reattachment, the profiles of the time-averaged turbulent 
production kinetic energy (scaled with wall parameters) 

( )' 'P u v dU dy
+

+ + += −  for different streamwise locations 

are compared with DNS [30] and experimental data of [29] in 
Figure 14. 

In Ref 30, it was shown that profiles of P+ of a turbulent 
layer at three different momentum thickness Reynolds number 
(Reθ = 300, 670, 1410) are self-similar. P+ evaluated from the 
resolved part of the present LES reproduce the feature of 
almost self-similarity in profiles downstream of x/D = 5, 
although the data of Kim et al [29] and Spalart [30] are under 
predicted by 14%. It should be also noted that the value of Reθ 
calculated from the present LES is approximately 210-260 in 
the range at x/D = 5 – 9. The boundary layer becoming 
turbulent in the range of relatively low range of Reθ: 
characteristics of separation induced transition. 
 

 
 

Figure 14: PKE after reattachment for case1 (imposed inlet 
perturbations with single frequency) 

 

CONCLUSION: 
To examine the excitation of a laminar separation bubble 

under the influence of free-stream turbulence, two different 
kinds of inlet perturbations are imposed: one with a 
deterministic frequency and other having a band of frequencies. 
To compare their relative effect, the amplitude of the 
disturbances are so adjusted that it results in almost the same 
mean bubble length in both the cases. The LES resolves the 
instability of separation bubble and its breakdown via KH mode 
resulting in large and small-scale energetic structures.  

It is interesting to note that the non-linear growth of 
perturbations during the succession of transition is strongly 
influenced by the imposed inlet perturbations and its frequency. 
The spectra of velocity fluctuations show remarkable difference 
during first half of the separated layer indicating that the 
transition and vortex shedding depend on the inlet disturbances. 

The path of succession through which transition and breakdown 
occurs appear more realistic for the imposed perturbations 
containing a band of frequencies. However, after breakdown, 
the time-averaged turbulence characteristics such as stresses, 
heat flux tensor and also integral parameters are almost 
indistinguishable. Some minor differences can be appreciated 
in turbulent heat flux and stresses in the second half of the 
bubble and near reattachment. Further, the spanwise spacing of 
transition streaks in the shear layer are different with different 
inlet perturbations, resolving abundant small scale eddies apart 
from large coherent structures for the inlet perturbation having 
a band of frequencies as compared with a deterministic 
frequency. 

Thus for a laminar separation bubble, the excitation of the 
separated layer and transition depends on proper inlet boundary 
conditions reflecting the free-stream turbulence, but after 
breakdown the time-averaged turbulence flow characteristics is 
not sensitive to the nature of inlet perturbations. 
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