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Abstract  
This paper presents the results of direct numerical simulations of a two-dimensional planar free shear layer created by the 

merging of boundary-layer flows separated by a thin splitter plate. Roll-up and shedding of the shear layer into discrete 

spanwise vortices occurred through the Kelvin-Helmholtz instability mechanism. The vortex-shedding frequency was 

quantified through spectral analysis of the velocity fluctuations in the shear layer and transient calculation of the 

circulation and maximum vorticity within the shed vortices. The Reynolds number at the splitter-plate trailing-edge, the 

velocity ratio, and the proximity of the shear layer to a no-slip wall were systematically varied to investigate the effects 

of these parameters on the development of the shear layer. Sensitivity to wall-proximity was clearly observed and an 

explanation is proposed based on the interaction of the shed vortices with the wall. The results of this computational 

study provide a possible explanation for the relatively large range observed in published literature for the non-

dimensional primary vortex-shedding frequencies in planar free shear layers and separation bubbles. 
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Introduction 

Modern trends in the design of low-pressure turbine 

airfoils for gas-turbine engines are moving towards 

increased aerodynamic loading in an attempt to lower the 

weight and hence cost of the engine [1]. Increased 

aerodynamic loading implies stronger adverse pressure 

gradients on the suction surface of the airfoil, thereby 

increasing the likelihood that the boundary layer may 

separate from the airfoil surface. A transitional separation 

bubble may form if a laminar boundary layer separates 

from the airfoil surface and transitions to turbulence 

through the amplification of disturbances in the shear 

layer and then reattaches due to the enhanced momentum 

exchange arising from turbulence. Due to the impact of 

the separation bubble on the airfoil performance, accurate 

prediction of the transition onset location and transition 

rate is important for airfoil designers, and refined 

engineering models have been developed for this purpose 

[1]. Further improvement of such models requires a clear 

understanding of the instability mechanisms that 

contribute to transition in separated flows. 

Due to the presence of attached laminar flow 

upstream of separation followed by separated flow, 

transitional separation bubbles may share instability 

characteristics of both attached and free shear layers [2]. 

In two-dimensional attached flows under low freestream 

turbulence levels, disturbances are amplified primarily 

through a viscous instability leading to streamwise 

grouping of spanwise vorticity known as Tollmien-

Schlichting (T-S) waves [3]. In two-dimensional 

separated shear layers, the dominant mode is the inviscid 

Kelvin-Helmholtz (K-H) instability [3], which again 

results in periodic streamwise accumulation of spanwise 

vorticity in the shear layer, followed by roll-up of the 

shear layer into discrete spanwise vortices [4]. Depending 

on the value of the momentum-thickness Reynolds 

number at the location of separation, a secondary 

instability may also develop resulting in streamwise 

pairing of the vortices shed from the separated shear 

layer. In addition, an absolute viscous mode may develop 

in the reversed-flow region beneath the separated shear 

layer if the reversed-flow velocity exceeds a threshold 

value of 15-30% of the local freestream velocity [2]. 

Under conditions with low freestream turbulence, 

periodic roll-up and shedding of spanwise vorticity from 

the shear layer via the K-H mode is typically the primary 

mechanism for disturbance amplification in separated 

flows [2-4]. Studies of planar free shear layers and 

separation bubbles have published values of the shedding 

frequency, normalized as a Strouhal number based on the 

freestream velocity and momentum thickness at the 

beginning of the shear layer, of Stθ = 0.005-0.016 [4-10]. 

It is possible that the large range observed in these 

published values is due to an interaction of the shear layer 

with a nearby wall, particularly in separation bubbles, 

where the shear layer is frequently in close proximity to 
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the wall. In general, the influence of the wall in 

suppressing shear layer instability development has been 

noted briefly in a number of studies [11-13]. Hammond 

and Redekopp [14] studied the stability of a class of 

reversed-flow Falkner-Skan and hyperbolic-tangent 

velocity profiles using linear stability theory and 

correlated the wall-proximity and reversed-flow velocities 

with the onset of absolute instability in the high-shear 

reversed-flow region near the wall. For far proximities, 

the threshold reverse-flow velocity required for the 

development of absolute instability was 14% of the local 

freestream and this threshold velocity magnitude 

increased with closer wall-proximity. Experiments by 

Bailey et al. [15] varied the proximity of a square cylinder 

to a wall, observing that the growth of disturbances in the 

shear layer behind the cylinder was suppressed as the 

cylinder was placed in closer proximity to a wall. Above a 

threshold proximity approximately equal to the height of 

the cylinder, the shear layer behaved as though there was 

no wall. Rist and Maucher [16] performed linear stability 

analysis for a hyperbolic-tangent profile that was 

modified to allow control of the wall-normal height of the 

inflection point. At lower Reynolds numbers, they 

observed a reduction in the disturbance-amplification rate 

as the location of the inflection point approached the wall. 

Finally, Diwan and Ramesh [17] theoretically studied a 

series of piecewise-linear velocity profiles and found a 

correlation between the frequency of the most amplified 

instability wave and the height of the inflection point 

above the wall, expressed as a Reynolds number based on 

the height of the inflection point. Although predictions 

based on this modified Reynolds number achieved 

reasonable agreement with the disturbance frequencies 

measured in a variety of shear layers, the study does not 

identify the mechanism by which the vortex-shedding 

frequency is modified by the presence of the wall. 

To shed light on the physical mechanisms affecting 

the stability of a planar laminar shear layer in close 

proximity to a wall, the present study performs a series of 

two-dimensional direct numerical simulations. A two-

dimensional planar free shear layer is simulated by the 

merging of two boundary-layer flows separated by a thin 

splitter plate and exposed to freestreams of differing 

velocity magnitudes. The velocity ratio of the two 

freestreams, shear-layer Reynolds number, and wall 

proximity are varied over the typical ranges documented 

in the literature for airfoils with separation bubbles and 

controlled studies involving planar free shear layers in 

proximity to solid surfaces.  

 

Numerical Method 
Computational domain and boundary conditions 

The computational domain, shown schematically in 

Figure 1, consists of a 300-mm long, no-slip splitter plate 

located between domains 1 and 2 at a specified height 

above a flat, no-slip wall. Inflow boundaries consisting of 

spatially-uniform and time-invariant axial velocities U1 

and U2 are specified at the inlets above and below the 

splitter plate, respectively, and a boundary layer develops 

on both surfaces of the plate. The length of the splitter 

plate is sized for each test case to satisfy the following 

criteria: (a) be sufficiently long to capture the 

development of viscous instability in the higher Reynolds 

number cases; and (b) ensure that the trailing-edge 

momentum thickness of the high-speed-stream boundary 

layer remains constant for all test cases. The latter 

requirement allows the Reynolds number of the planar 

free shear layer to be varied independently of the 

momentum thickness of the shear layer at the splitter-

plate trailing edge. In the lower Reynolds number cases, 

this results in the plate length being reduced to 100 mm. 

At the splitter plate trailing edge, the boundary-layer 

flows separated by the plate are merged to form a planar 

shear layer that is allowed to develop within a mixing 

region of length L = 600 mm. The length of the mixing 

region is sized to capture the growth of perturbations in 

the shear layer through the dominant Kelvin-Helmholtz 

instability mode, roll-up of the shear layer into coherent 

spanwise vortices, possible sub-harmonic instabilities in 

the form of pairing of the spanwise vortices, and turbulent 

breakdown of the shear layer. Given the two-dimensional 

nature of the simulations, the results are expected to be 

reliable until the state is reached where the shear layer 

undergoes three-dimensional instabilities immediately 

before breakdown to small-scale turbulence. A free-slip 

wall is specified along the upper wall of the 

computational domain, located 60 mm above the bottom, 

no-slip wall. The domain height is sized so that the 

vortices shed from the shear layer induce a velocity on 

the upper wall that is less than 1% of the inlet velocity 

specified for the high-speed stream, thus minimizing the 

influence of the upper wall on the shear-layer 

development. The height of the splitter plate from the 

lower wall is varied systematically between          

y/θ = 7.25-29.0, where θ = 0.41 mm is the momentum 

thickness of the high-speed stream boundary layer at the 

trailing edge of the splitter plate. The outflow boundary at 

the end of the mixing region is specified by a zero gauge 

static pressure that remains constant in an area-averaged 

sense. 

 

Spatial grid 

A structured grid of hexahedral elements is mapped to 

the computational domain, yielding a total node count of 

460,000 to 580,000 depending on the proximity of the 

splitter plate to the lower wall and the flow Reynolds 

number. The node spacing in the streamwise and wall-

normal directions are shown in Figure 2. Nodes are 

spaced in the streamwise direction to provide the finest 

spatial resolution near the trailing edge of the splitter 

plate and within the downstream mixing region. In this 

region, the streamwise node spacing is Δx = 1.06 mm 

(Δx
+
 = 17 based on the friction velocity in the high-speed 

stream at the splitter-plate trailing edge). Beyond x = 450 
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mm, the streamwise node spacing is gradually increased 

to place the outflow boundary sufficiently far away from 

the region of interest, as the outflow boundary treatment 

does not allow convective structures to exit the domain 

without being artificially distorted. This artificial effect 

on the flow field is limited to within 0.05L streamwise 

length from the outflow boundary. The node spacing in 

the wall-normal direction is shown in Figure 2b. In the 

high-speed stream, the wall-normal node spacing is    

Δy = 0.033 mm at the wall (Δy
+
 = 0.53 based on the 

friction velocity in the high-speed stream at the splitter-

plate trailing edge), which is gradually increased to a 

value of 1.06 mm (y
+
 = 17) at the boundary-layer edge 

and maintained to the top free-slip boundary of the 

computational domain. In the low-speed stream, the wall-

normal node spacing is Δy = 0.033 mm (Δy
+
 = 0.53 based 

on the friction velocity in the high-speed stream at the 

splitter-plate trailing edge) at the no-slip wall at the 

bottom of the computational domain and at the splitter-

plate surface, and gradually increases to Δy = 0.400 mm 

in the core region of the low-speed stream. In the mixing 

region downstream of the splitter-plate trailing edge, a 

uniform wall-normal spacing of 0.26 mm (Δy
+
 = 4.3 

based on the friction velocity in the high-speed stream at 

the splitter-plate trailing edge) is maintained throughout 

the mixing region, except for a more-finely resolved 

region at the wall-normal height corresponding to the 

height of the splitter plate. These grid-node spacings are 

known to be adequate as demonstrated by McAuliffe [5], 

Na and Moin [18], Michelassi et al. [19] and Kalitzin [20], 

amongst others. 

 

Solution method 
The unsteady, incompressible Navier-Stokes 

equations are solved using ANSYS CFX
®
 (Version 12), a 

commercial software suite. Central-differencing and 

second-order backwards Euler differencing are used for 

the spatial and temporal derivatives, respectively, with a 

timestep size of 1.5 x 10
-4

 s. This timestep size translates 

to a Courant number of 0.5 and 1.6 for the low and high 

Reynolds number simulations, respectively. Domains 1 

and 3 are initialized to U1 while domain 2 is initialized to 

U2. Using these initial conditions, the simulation is 

advanced in time to a statistically steady state, which is 

determined by assessing the standard deviation of the 

vortex-shedding frequency as the simulation progressed 

in time. Approximately 25,000 timesteps are required to 

reach a statistically steady state, after which the flow field 

is computed over 2100 timesteps for analysis. 

 

Test matrix 
Table 1 illustrates the test matrix for the series of 

simulated cases. The independent parameters are the 

momentum-thickness Reynolds number of the high-speed 

stream Reθ, the velocity-difference ratio R, and the wall-

proximity ys. The Reynolds number Reθ is based on the 

momentum thickness of the high-speed stream at the 

splitter-plate trailing edge. The velocity-difference ratio, 

defined as R = 2(U1-U2)/(U1+U2), is used to characterize 

the difference in velocity between the high- and low-

speed streams as it more-directly represents the shear 

generated between the two streams than does the velocity 

ratio U1/U2. The proximity of the splitter plate to the no-

slip lower wall is normalized by the momentum thickness 

of the high-speed stream boundary layer at the splitter-

plate trailing edge. The range of wall proximities, 

Reynolds numbers, and velocity difference ratios were 

 
Figure 1: Schematic of the computational domain (not to 

scale). 

 
Figure 2: Node spacing in the (a) streamwise and (b) wall- 

normal direction. Solid line: mixing region; dashed line: 

splitter plate region. 

Table 1: Reynolds number, velocity-difference ratio, and 

wall proximities for the simulated test cases. 

Case Reθ U1 (m/s) U2 (m/s) R ys/θ 

1 320 11.8 0.366 1.88 7.25 

2 320 11.8 0.366 1.88 10.8 

3 320 11.8 0.366 1.88 14.5 

4 320 11.8 0.366 1.88 29.0 

5 108 3.94 0.122 1.88 7.25 

6 108 3.94 0.122 1.88 10.8 

7 108 3.94 0.122 1.88 14.5 

8 108 3.94 0.122 1.88 29.0 

9 320 11.8 3.33 1.22 7.25 

10 320 11.8 3.33 1.22 10.8 

11 320 11.8 3.33 1.22 14.5 

12 320 11.8 3.33 1.22 29.0 
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chosen to capture the typical ranges observed in studies of 

separation bubbles and planar free shear layers in 

published literature. 

 

Results and Discussion 

The present discussion of the simulation results 

focuses on the growth of perturbations in the splitter-plate 

boundary layer in the high-speed stream and in the planar 

free shear layer downstream of the splitter-plate trailing 

edge. As the Reynolds number in the low-speed stream is 

very low, the laminar boundary-layer development on the 

lower side of the splitter plate does not involve any 

instabilities, and hence its flow development is not 

considered in this discussion. Thus, for brevity, the 

splitter-plate boundary layer of the high-speed stream will 

hereafter be referred to as simply the splitter-plate 

boundary layer. Also, unless otherwise noted, the 

discussion focuses on the results of the test case with the 

highest Reynolds number, velocity-difference ratio, and 

farthest wall-proximity (Case 4), for which the growth of 

perturbations in the splitter-plate boundary layer and 

planar free shear layer is most clear. Finally, the following 

conventions are used: U denotes time-averaged 

streamwise velocity; u denotes the perturbation velocity, 

defined as the root-mean-square of the difference between 

the instantaneous and time-averaged streamwise 

velocities; and the amplitude of the perturbation velocity 

vector is denoted V', defined as V' = (u
2
 + v

2
)

0.5
. Unless 

stated otherwise, velocities in this study are normalized 

by the freestream inlet velocity in the high-speed stream, 

U1, and lengths are normalized by the momentum 

thickness of the high-speed stream at the splitter-plate 

trailing edge, θ = 0.41 mm. 

Perturbation growth in the splitter-plate boundary 

layer 
The discussion begins by analyzing the growth of 

perturbations in the splitter-plate boundary layer. Figure 3 

illustrates the streamwise distribution of the perturbation 

amplitude V' in the splitter-plate boundary layer upstream 

of the trailing edge. The distribution at several wall-

normal locations within the boundary layer are plotted, 

and each shows approximately-constant, low perturbation 

levels in the boundary layer until x/L = -0.18, followed by 

exponential growth in perturbation amplitude from that 

location to the splitter-plate trailing edge. The shape of 

the mean and perturbation streamwise velocity profiles at 

x/L = -0.01 is shown in Figure 4. The perturbation 

velocity profile is normalized by the local maximum 

perturbation velocity umax. This profile—which represents 

the mode shape of the perturbation—is compared with the 

Tollmien-Schlichting (T-S) mode shapes measured by 

Reynolds and Saric [21] in a Blasius boundary layer. It 

should be noted that the comparison is intended to 

provide merely a qualitative assessment of the 

perturbation mode shape, as the momentum-thickness 

Reynolds number in the current study and in the study of 

Reynolds and Saric [21] differ significantly. Despite this 

difference, Figure 4 shows qualitative agreement in the 

shape of the perturbation velocity profile, which suggests 

that the perturbations developing in the splitter-plate 

boundary layer are indeed T-S waves growing though a 

viscous instability mode. 

The frequency of the growing T-S waves is 

determined through analyzing the power spectral density 

of the streamwise perturbation velocity at several 

streamwise locations in the splitter-plate boundary layer. 

The power spectra reveal amplification of several distinct 

frequencies, expressed as a Strouhal number based on the 

momentum thickness and freestream velocity of the high-

speed stream at the splitter-plate trailing-edge          

(Stθ = fU1/θ). Most notably, peaks at Stθ = 0.0064 and 

0.0125 are observed within the splitter-plate boundary 

layer. The latter peak matches the frequency at which 

spanwise vortices are shed from the planar shear layer 

downstream of the trailing edge, and thus is attributed to 

the upstream influence of these vortices, transmitted via 

the pressure field, on the splitter-plate boundary layer. 

The lower-frequency peak at Stθ = 0.0064 agrees 

favorably with the frequency of the most-amplified 

perturbation predicted by the correlation of Walker [22], 

given as 

2/3
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Figure  3: Streamwise distribution of perturbation velocity 

amplitude in the splitter-plate boundary layer. 

 
Figure 4: Comparison of simulated and measured time-averaged 

and perturbation velocity profiles. Measurements are obtained from 

Reynolds and Saric [21]. 
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where fMA is the frequency of the most-amplified 

perturbation, Reδ* is the flow Reynolds number based on 

U1 and the displacement thickness of the boundary layer 

in the high-speed stream at the splitter-plate trailing edge, 

and ν is the kinematic viscosity. Equation 1 predicts a 

value of Stθ,MA = fMAU1/θ = 0.0068. The Stθ = 0.0064 peak 

in the perturbation-velocity spectra is observed in each of 

the high Reynolds number test cases, although with 

varying amplification rates, and is not observed in the low 

Reynolds number cases. 

 

Perturbation growth in the planar shear layer 
Figure 5 shows the development of the primary K-H 

instability mode leading to shear-layer roll-up through 

instantaneous contours of spanwise vorticity in three 

sample test cases covering the range of Reynolds 

numbers and velocity-difference ratios considered in the 

present study. The wall-proximity for the cases plotted in 

Figure 5 is ys/θ = 14.5. Initially, streamwise grouping of 

spanwise vorticity occurs within the shear layer driven by 

K-H instability at the dominant frequency, followed by 

roll-up of the shear layer into discrete spanwise vortices 

through self-induced velocities. The streamwise location 

of the formation of concentrated spanwise vortices is 

observed to depend on both the shear-layer Reynolds 

number and velocity-difference ratio, with this flow 

development being promoted by increases in both 

Reynolds number and velocity-difference ratio. These 

trends are not surprising given the well-known 

destabilizing effects of higher Reynolds numbers and 

higher levels of shear. In the test cases with closer wall 

proximities, proximity to the wall is observed to suppress 

the initial roll-up location, moving it downstream in 

agreement with several published studies [11-13]. This 

trend is first observed at ys/θ = 14.5 and the extent of 

streamwise delay for a given change in wall-proximity 

increases as the wall is approached. Among all of the test 

cases, the maximum extent of the streamwise delay of the 

initial roll-up location is 0.15L, which occurs between 

ys/θ = 29.0 and ys/θ = 7.25 in the low Reynolds number 

cases. 

 Figure 6 plots the power spectral density of the 

streamwise perturbation velocity, u, at x/L = 0.05. The 

spectrum is calculated at the wall-normal height 

corresponding to the local maximum in the spanwise 

vorticity field. The instantaneous spanwise vorticity field 

for the case plotted in Figure 6 is shown in Figure 7 to 

illustrate the flow structures responsible for the spectral 

peaks observed in Figure 6. The dominant peak at      

Stθ = 0.0125 matches the primary K-H instability 

frequency, and the resulting shed vortices have a 

streamwise spacing of λx. The peaks at Stθ = 0.0063 and 

0.0032 match the secondary and tertiary sub-harmonics of 

the K-H instability that result in paired vortices with 

streamwise spacings of 2λx and 4λx, respectively. The 

streamwise pairing of the shed vortices occurs when a 

shed vortex is perturbed into the high-speed stream, 

allowing it to catch up with the neighboring vortex on the 

downstream side, and the pair subsequently merge [4]. 

This is most clearly seen in the test cases with high 

Reynolds numbers and high velocity-difference ratios, 

such as the Reθ = 320, R = 1.88 case in Figure 7. Higher-

frequency harmonics of the K-H instability are also 

observed in Figure 6 at  Stθ = 0.0250 and 0.0375. Break-

down of the shear layer to smaller-scale vortical 

structures enhances the mixing rate of the high- and low-

speed streams, as shown in Figure 8, which plots the time 

averaged velocities for the cases presented in Figure 5.  

 

Effect of wall-proximity on vortex-shedding frequency 

The influence of wall-proximity on the stability of the 

planar shear layer is further assessed by analyzing the 

frequency at which spanwise vortices are formed through 

the primary instability of the planar free shear layer. The 

mean and standard deviation of the vortex-shedding 

frequency are obtained by monitoring the temporal 

variation of circulation inside a finite control volume 

 
Figure 5: Instantaneous contours of spanwise vorticity in the shear 

layer (ys/θ = 14.5). 

 
Figure 6: Frequency spectrum of u downstream of the splitter-

plate trailing edge for Reθ = 320, R = 1.88, ys/θ = 29.0. 

 
Figure 7:  Instantaneous spanwise vorticity contours for  

Reθ = 320, R = 1.88, ys/θ = 29.0. 
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within the flow field. The finite control volume, shown in 

Figure 9, is located in the mixing region so that shed 

spanwise vortices pass through the volume as they are 

convected downstream. The volume dimensions are one 

wavelength of the primary K-H mode in the streamwise 

direction and 20θ in the wall-normal direction. These 

dimensions are sufficient for one discrete vortex to be 

fully enclosed within the volume. As a discrete vortex 

enters the volume, the circulation within the volume 

increases, reaching a maximum when it is completely 

inside the volume and a minimum when it is completely 

outside. Monitoring the circulation within the volume in 

time produces a transient signal with periodic peaks 

corresponding to the passage of a vortex. Analysis of the 

transient circulation signal yields the mean and standard 

deviation of the frequency at which vortices are shed 

from the planar shear layer. This method was adopted 

over spectral analysis of point ―measurements‖ because it 

allows the standard deviation of the vortex-shedding 

frequency to be calculated. Furthermore, it is possible that 

the vortex-shedding frequency obtained from the 

frequency spectra of point measurements may be 

overshadowed by other flow features reflected in the 

frequency signal.  

The mean value of the vortex-shedding frequency and 

its uncertainty based on the standard deviation and 

sample count obtained from the analysis of the transient 

circulation signal are shown in Figure 10 for all the 

simulated test cases. The frequencies (expressed as a 

Strouhal number) closely match the ranges observed in 

published studies of separation bubbles and free shear 

layers, shown in Table 2. The shedding frequency is 

dependent on both the Reynolds number and the velocity-

difference ratio. The low Strouhal number range observed 

by Muti Lin and Pauley [8] occurs because of the low 

value of the momentum-thickness Reynolds  comparable 

to the low Reynolds number cases in the current study in 

which a very similar Strouhal number range is obtained. 

In cases with a low velocity-difference ratio, the mean 

velocity in the mixing region downstream of the splitter-

plate is larger than in the high velocity-difference cases. 

As a result, the discrete vortices shed from the shear layer 

in the low velocity-difference-ratio cases are convected 

through the finite control volume at a higher frequency. 

As the Strouhal number in Figure 10 is normalized by U1 

rather than the local mean convection velocity, this 

produces the larger Strouhal number values observed in 

Figure 10 for the low velocity-difference-ratio cases.  

In addition, the trends in Figure 10 clearly show a 

correlation between the mean shedding frequency and the 

proximity of the shear layer to the wall. It should be noted 

that in the closest wall-proximity case at the low 

Reynolds number, roll-up of the shear layer is not 

observed, and thus the shedding frequency is zero. Figure 

10 suggests that for wall proximities above ys/θ = 14.5, 

the shedding frequency as described by the Strouhal 

numbers starts to level off, although the limiting value 

reached far from the wall remains sensitive to both the 

momentum thickness Reynolds number and the velocity-

difference ratio of the shear layer. These results are 

consistent with the findings of Diwan and Ramesh [17], 

 
Figure 9: Sample illustration of the control volume used for 

monitoring the vortex-shedding frequency. 

 
Figure 10: The mean primary vortex-shedding frequency at 

different wall proximities for all test cases. 

 
Figure 8: Contours of time-averaged velocity magnitude for the test 

cases shown in Figure 5. 

Table 2: Published Strouhal number ranges in studies of separation 

bubbles and free shear layers. 

 Stθ 

McAulliffe and Yaras [5-7] 0.008 - 0.016 

Muti Lin and Pauley [8] 0.005 - 0.008 

Yang and Voke [9] 0.005 - 0.011 

Talan and Hourmouziadis [10] 0.010 - 0.014 

Ho and Heurre – free shear layer [4] 0.016 
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who solved the inviscid stability equations for a 

piecewise-linear profile and observed that the most 

amplified frequency increases with wall-proximity, 

leveling off above a threshold proximity approximately 

equivalent to 20θ.  

Figure 11 plots the time-averaged and perturbation 

velocity profiles at a streamwise location that is one 

primary K-H instability wavelength upstream of the 

location where the planar shear layer rolls-up into discrete 

vortices. The perturbation mode shapes show that the 

perturbation amplitude reaches a maximum near the wall 

for the closest wall-proximity case (ys/θ = 7.25) and near 

the planar shear layer for the farthest wall-proximity  

(ys/θ = 29). This suggests that perturbations in the close 

wall-proximity cases grow primarily in the reversed-flow 

boundary layer that develops on the no-slip wall below 

the rollers of the shear layer and are amplified primarily 

by a viscous T-S instability mode. Conversely, 

perturbations in the farthest wall-proximity cases grow 

primarily in the planar shear layer and are mostly 

amplified by an inviscid K-H instability mode in the shear 

layer. The wall-proximity thus influences the relative 

dominance of the viscous and inviscid instability modes 

in amplifying perturbations in the flow field. A similar 

trend was observed by Rist and Maucher [16] in a linear 

stability analysis of a hyperbolic-tangent velocity profile 

in close proximity to a wall. They observed that in 

instances with the inflection point of the mean velocity 

profile far from the wall, the perturbation velocity profile 

resembles that of a free shear layer. However, when the 

inflection point is moved near the wall, the instability 

changes to a viscous mode and the perturbation velocity 

profile resembles a T-S wave. As the viscous mode in 

their study is unstable to a lower frequency perturbation 

than the inviscid mode, the dominance of the viscous 

mode near the wall produces lower vortex-shedding 

frequencies. This suggests that as the shear layer is 

removed farther away from the wall, the vortex-shedding 

frequency shifts from the most-unstable frequency for a 

viscous instability mode to the most-unstable frequency 

for an inviscid instability mode. 

 To assess if this explanation applies in the current 

study, a linear stability analysis is performed of the near-

wall flow beneath the planar shear layer. The equations 

governing the temporal growth of perturbations are 

solved numerically following linear stability theory, 

which assumes a perturbation in the form of a two-

dimensional wave with a real wavenumber and complex 

phase velocity. For a perturbation to grow in time, the 

imaginary component of the complex phase velocity must 

be positive. A hybrid spectral collocation method based 

on Chebychev polynomials, described by Schmid and 

Henningson [23], is used to calculate the eigenvalues of 

the Orr-Sommerfeld and Squire equations for the near-

wall portion of the computed time-averaged velocity 

profiles shown in Figure 11. By solving for the phase 

velocity and amplification rate over a large wavenumber 

range (corresponding to frequencies between 10 and 1000 

Hz), the perturbation frequency yielding the highest 

amplification rate to T-S instability modes is predicted. 

The wall-normal variation of the predicted perturbation 

velocity agrees favorably with the simulation results 

shown in Figure11 in both the mode shape and the wall-

normal location of the maximum perturbation velocity. 

Table 3 compares the frequencies of most amplified 

perturbation (expressed as a Strouhal number Stθ,LST) 

predicted from linear stability theory  with the vortex-

shedding frequencies obtained from the simulations. In 

both wall-proximity cases, the predicted frequency is 

lower than the simulated frequency, as was also observed 

in the study of Rist and Maucher [16]. This is expected, 

as the direct numerical simulation captures perturbation 

growth through both the T-S and K-H modes and the 

balance between the two modes (determined by the 

proximity of the shear layer to the wall) affects the 

vortex-shedding frequency. As the shear layer is brought 

 
Figure 11: Comparison of time-mean and perturbation velocity 

profiles in the Reθ = 320, R = 1.88 test cases at two wall proximities. 

 
Figure 12: Comparison of perturbation amplitudes in the Reθ = 320, 

R = 1.88 test cases at two wall proximities. Amplitudes are measured 

at y/θ = 0. 

Table 3: Comparison of Strouhal numbers of the most-amplified 

perturbation at the streamwise locations in Figure 11, obtained 

from linear stability theory (LST) and direct numerical 

simulation (DNS). 

ys/θ Stθ,LST Stθ,DNS  
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closer to the wall, the T-S instability mode is noted to 

have an increasingly larger influence on the shedding 

frequency of the vortices. 

Finally, Figure 12 compares the amplification rates of 

the test cases shown in Table 3. The trend lines illustrate 

that the initial perturbation amplification rate at the most-

unstable frequencies is strongly influenced by the 

proximity of the shear layer to the wall; closer proximity 

results in a reduced amplification rate of the perturbation. 

 

Conclusions 
The effect of wall-proximity on the stability of planar 

free shear layers has been examined through a series of 

direct numerical simulations. A two-dimensional planar 

free shear layer is simulated by the merging of two 

boundary-layer flows separated by a thin splitter plate and 

exposed to freestreams of differing velocity magnitudes. 

Perturbation growth is observed in the attached boundary 

layer of the high-speed stream upstream of the splitter-

plate trailing edge, and comparison of the perturbation 

velocity profile with experimental data indicates that the 

perturbations are amplified via the viscous Tollmien-

Schlichting (T-S) instability mode. In the planar free 

shear layer downstream of the splitter-plate trailing edge, 

perturbations are mostly amplified via an inviscid Kelvin-

Helmholtz (K-H) instability mode leading to the periodic 

roll-up of the shear layer into discrete spanwise vortices. 

The location of roll-up following primary instability 

and the non-dimensional shedding frequency of the 

resultant vortices are observed to be sensitive to both the 

shear-layer Reynolds number and the velocity-difference 

ratio. The initial roll-up process is delayed when the shear 

layer is placed in close proximity of the wall, 

accompanied by a reduction in the non-dimensional 

shedding frequency. In addition, both K-H and T-S 

instability modes are detected in the development of the 

shear layer in close proximity of the wall, with the latter 

occurring near the no-slip wall and the former occurring 

within the free shear layer. Predictions using linear 

stability analysis demonstrate that the T-S mode is 

unstable to lower-frequency perturbations than the K-H 

mode. The simulation results supplemented by this linear 

stability analysis suggest that proximity of the shear layer 

to the wall influences the relative dominance of the 

viscous and inviscid instability modes in amplifying 

perturbations in the flow. When the shear layer is brought 

closer to the wall, the T-S instability mode is noted to 

have an increasingly larger influence on the shedding 

frequency of the vortices, leading to the observed 

decrease in the vortex-shedding frequency. 

 

Nomenclature 
L  Streamwise length of the mixing region 

downstream of the splitter-plate trailing edge (mm) 

Reδ* Reynolds number based on displacement thickness 

of the boundary layer in the high-speed stream at 

the splitter-plate trailing edge Reδ* =U1δ
*/ν  

Reθ Reynolds number based on momentum thickness of 

the boundary layer in the high-speed stream at the 

splitter-plate trailing edge Reθ =U1θ/ν 

R  Velocity difference ratio R = 2(U1-U2)/(U1+U2) 

St  Strouhal number based on momentum thickness 

and freestream velocity in the high-speed stream at 

the splitter-plate trailing edge Stθ = fU1/θ 

U  Time-averaged streamwise velocity (m/s) 

'V  Perturbation velocity magnitude (m/s) 

f Frequency (Hz) 

u, v Root-mean-square perturbation velocities in the x 

and y directions (m/s) 

x, y Streamwise and wall-normal coordinate directions 

Δx, Δy Streamwise and wall-normal node spacing (mm) 

ys Wall-proximity (mm) 

*  Displacement thickness of the boundary layer in 

the high-speed stream at the splitter-plate trailing 

edge (mm) 

  Boundary-layer thickness of the boundary layer in 

the high-speed stream at the splitter-plate trailing 

edge (mm) 

  Momentum thickness of the boundary layer in the 

high-speed stream at the splitter-plate trailing edge 

(mm) 

  Kinematic viscosity (m2/s) 

λx Streamwise wavelength (m) 

ωz Spanwise vorticity (s-1) 

Acronyms  

DNS Direct numerical simulation 

K-H Kelvin-Helmholtz 

LST Linear stability theory 

PSD Power spectral density 

T-S Tollmien-Schlichting 

Superscripts  

+ Quantity expressed in wall units based on friction 

velocity in the high-speed stream at the splitter-

plate trailing edge 

Superscripts  

1 High-speed stream 

2 Low-speed stream 

MA Most-amplified 

max Local maximum quantity 

 

References  

[1] Roberts S. K., Yaras M. I., (2005), Modeling transition 

in separated and attached boundary layers, Journal of 

Turbomachinery, Vol. 127, pp. 402-411 

[2] Alam M., Sandham N. D., (2000), Direct numerical 

simulation of ‗short‘ laminar separation bubbles with 

turbulent reattachment, Journal of Fluid Mechanics, 

Vol. 410, pp. 1-28 

[3] Dovgal A. V., Kozlov V. V., Michalke A., (1994), 

Laminar boundary layer separation: instability and 



ISAIF10                                                                               9  

 

associated phenomena, Progress in Aerospace 

Sciences, Vol. 30, pp. 61–94 

[4] Ho C., Huerre P., (1984), Perturbed free shear layers, 

Annual Review of Fluid Mechanics, Vol. 16, pp. 365–

424 

[5] McAuliffe B. R., Yaras M. I., (2006), Numerical study 

of instability mechanisms leading to transition in 

separation bubbles, ASME Paper No.GT2006-91018.  

[6] McAuliffe B. R., Yaras M. I., (2005), Separation-

bubble-transition measurements on a low-Re airfoil 

using particle image velocimetry, ASME Paper No. 

GT2005-68663. 

[7] McAuliffe B. R., Yaras M. I., (2007), Transition 

mechanisms in separation bubbles under low and 

elevated freestream turbulence, ASME Paper No. 

GT2007-27605. 

[8] Muti Lin J. C., Pauley L. L., (1996), Low-Reynolds-

number separation on an airfoil, AIAA Journal, Vol. 

34, pp. 1570–1577 

[9] Yang Z., Voke P. R., (2001), Large-eddy simulation of 

boundary-layer separation and transition at a change 

of surface curvature, Journal of Fluid Mechanics, Vol. 

439, pp. 305–333 

[10] Talan M., Hourmouziadis J., (2002), Characteristic 

regimes of transitional separation bubbles in unsteady 

flow, Flow, Turbulence and Combustion, Vol. 69, pp. 

207–227 

[11] Taghavi H., Wazzan A. R., (1974), Spatial stability of 

some Falkner–Skan profiles with reversed flow, 

Physics of Fluids, Vol. 17, No. 12, pp. 2181–2183 

[12] Nayfeh A. H., Ragab S. A., Masad J. A., (1990), 

Effect of a bulge on the subharmonic instability of 

boundary layers, Physics of Fluids A, Vol. 2, No. 6, 

pp. 937–948 

[13] Das D., (1998), Evolution and instability of unsteady 

boundary-layers with reverse flow. PhD thesis, 

Department of Mechanical Engineering, Indian 

Institute of Science, Bangalore, India. 

[14] Hammond D. A., Redekopp L. G., (1998), Local and 

global instability properties of separation bubbles, 

European Journal of Mechanics B/Fluids, Vol. 17, No. 

2, pp. 145–164 

[15] Bailey S.C.C., Martinuzzi R.J., Kopp G.A., (2002), 

The effects of wall-proximity on vortex shedding from 

a square cylinder: three dimensional effects, Physics 

of Fluids, Vol. 14, pp. 4160–4177 

[16] Rist U., Maucher U. (2002), Investigations of time-

growing instabilities in laminar separation bubbles, 

European Journal of Mechanics, B/Fluids, Vol. 21, pp. 

495–509 

[17] Diwan S. S., Ramesh O. N., (2009), On the origin of 

the inflectional instability of a laminar separation 

bubble, Journal of Fluid Mechanics, Vol. 629, pp. 

263–298 

[18] Na Y., Moin P., (1998), Direct numerical simulation 

of a separated turbulent boundary layer, Journal of 

Fluid Mechanics, Vol. 374, pp.379–405 

[19] Michelassi V., Wissink J. and Rodi W., (2002), 

Analysis of DNS and LES of flow in a low pressure 

turbine cascade with incoming wakes and comparison 

with experiments, Flow, Turbulence and Combustion, 

Vol. 69, pp. 295–330 

[20] Kalitzin G., (2003), DNS of fully turbulent flow in a 

LPT passage, International Journal of Heat and Fluid 

Flow, Vol. 24, pp. 636–644 

[21] Reynolds G.A., Saric W.S., (1986), Experiments on 

the stability of the flat-plate boundary layer with 

suction, AIAA Journal, Vol. 24, No. 2, pp. 202-207 

[22] Walker G. J., (1989), Transitional flow on axial 

turbomachine blading, AIAA Journal, Vol. 27, pp. 

595–602 

[23] Schmid, P.J., Henningson, D.S, (2001), Stability and 

Transition in Shear Flows, Springer-Verlag, Berlin. 


