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Fundamental physical processes associated with
bypass transition
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The DNS (Direct Numerical Simulation) study of Wu & Moin (2009) clearly shows the
formation of hairpins and other features observed in experiments but not clearly evident
in DNS investigations by others. The results also show features clearly observed in bypass
transition, such as the formation of streaks and their subsequent nonlinear breakdown.
We are extending the approach and methodology of Wu & Moin and will apply it to more
directly examine the underlying physical processes associated with bypass transition at
smaller FST (Free Stream Turbulence) levels. In particular, we are interested in the
role played by two–dimensional TS (Tollmien-Schlichting) waves as a result of nonlinear
interaction with FST. The basic approach is to reduce the rms amplitude level of the
turbulent patch in the Wu & Moin simulation so that breakdown does not occur when
the FST is acting alone. Two–dimensional TS waves are then introduced to observe the
interactions with the FST. The inlet amplitude of the TS waves is tuned so that when
they are acting alone, the wave amplitude remains small enough so that the behavior
remains linear and there is no onset of any secondary instability within the domain. The
FST and TS inlet conditions will then be combined and any breakdown that occurs can
be attributed to nonlinear interactions. We are also considering the interaction of FST
with steady streaks that occur in boundary layers as a result of the interaction of a
non-uniform freestream with the leading edge of a flat plate.

1. Introduction
The classical form of boundary–layer transition occurs via amplification and nonlinear
breakdown of initially small amplitude two-dimensional TS waves. However, this scenario
is only observed at very small FST levels, e.g. u/U1 < 0.1%. For elevated FST levels,
transition occurs at smaller Reynolds numbers via mechanisms that are not yet fully
understood. Morkovin (1969) termed this phenomena bypass transition, because TS instability mechanisms do not appear to be directly involved. Bypass transition remains a
mystery despite numerous experimental, computational, and analytical studies.
1.1. Early experimental observations
Klebanoff (1971) showed that moderate FST levels introduce spanwise variations that
are characterized by unsteadiness at low frequencies that should be stable according to
LST (Linear Stability Theory). Kendall (1985), introduced the term Klebanoff modes to
describe the elongated streamwise structures observed in his experiments. These struc1
tures have a narrow spanwise spacing, λz ≈ 2δ and the rms unsteadiness grows as x 2
(i.e. the layer thickness) to reach large amplitudes before the onset of breakdown. Westin
1
et al. (1994) confirmed the growth rate of the unsteadiness was x 2 and that the Blasius
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profile was only slightly modified, despite rms unsteadiness levels of up to 10% inside
the layer. In related work, Boiko et al. (1994) demonstrated that TS waves can still play
an active role in transition at elevated FST levels. The consensus that has emerged from
these early experimental observations is that the dominant structures in the boundary
layer consist of elongated streamwise streaks with a spanwise scale of the order of the
layer thickness.
Despite the consensus concerning the flow structure, considerable differences remain
between the results of experiments carefully designed to assess the effect of flow quality
on transition. In these experiments, acceptable properties of the base flow boundary
layer are first demonstrated, and then the flow quality of the free stream is deliberately
degraded in a controlled manner, e.g. by introducing grid turbulence. Outstanding issues
raised by these experiments are listed below:
(a) Widely different scales are observed in the boundary layer and in the freestream.
(b) The Reynolds number for onset of transition is poorly correlated with FST levels.
(c) Large discrepancies exist between the rms unsteadiness level in the layer just before
the onset of nonlinear breakdown to turbulence (between each experiment).
(d) The growth rate of the disturbance magnitude in the boundary layer shows significant differences from experiment to experiment, despite similar FST levels.
1.2. Theoretical considerations
The experimental observations have been put into the theoretical framework termed
algebraic or transient growth. Although exponentially growing modes dominate over
long time, algebraic growth can be a significant transient and overwhelm the eigenmodes
in their initial stages of growth. Linear analyses of Andersson et al. (1999) and Luchini
(2000) show that the flow structure causing the largest transient growth is a pair of
counter-rotating streamwise vortices with a spanwise separation, λz ≈ 1.4δ.
Hunt & Durbin (1999) used inviscid theory to show that free-stream disturbances do
not penetrate into the boundary layer. Jacobs & Durbin (1998) used a more elaborate
viscous theory to show that the free-stream disturbances can penetrate only into the
boundary layer at low Reynolds number, or if the disturbances occur at sufficiently low
frequency or if they are sufficiently oblique. Higher frequency disturbances are restricted
from entering the layer. The phenomenon in which disturbances are unable to penetrate
deeply into the boundary layer is known as shear sheltering. In this way, the shear can be
thought of as a filter that allows only low-frequency free-stream disturbances to penetrate
the boundary layer. This is a major result because it explains why such widely different
scales are observed in the boundary layer and in the freestream.
1.3. Numerical studies of bypass transition
Jacobs & Durbin (2001) conducted a DNS investigation of bypass transition in which the
turbulent inflow was constructed from continuous Orr–Sommerfeld modes. In their model
the external disturbances penetrate the boundary layer locally, rather than entering at
the leading edge. Jacobs & Durbin found that the low-frequency content in the free
stream causes the formation of low- and high-speed streaks. They observed turbulent
spots formed by the interaction of a high-frequency free-stream disturbance with fluid
moving slower than the mean, which they call backward jets. They found no evidence
of streak instability and their results suggest that the role of the low-speed streaks is to
provide a receptivity path between the FST and the boundary layer. Apart from this
role, the streaks do not appear to play an active role in the transition process.
On the other hand, the simulations of Andersson et al. (2001), Brandt & Henningson
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(2002) and Brandt et al. (2004) focussed on the secondary instabilities of the streaks.
They suggest that breakdown of the streaks to form turbulent spots is the result of either
of two types of streak instabilities: a varicose or spanwise symmetric type of instability;
and a sinuous instability, characterized by spanwise oscillations of the streaks (which
was found to be more prevalent). This is consistent with the results of Wu & Choudhari
(2003) and Andersson et al. (2001) who found the sinuous mode to be more unstable.
Another interesting result is that the streaks were found to become unstable only at very
large amplitudes.
The sinuous streak instability of Brandt and co-workers may be related to the backward
jet mechanism of Jacobs & Durbin (2001) because both mechanisms are centered on a lowspeed streak. Zaki & Durbin (2005) performed a more controlled type of DNS simulation
using continuous Orr-Sommerfeld and Squire modes. They were able to demonstrate
bypass transition through the interaction of only two continuous Orr-Sommerfeld modes.
The first is a low–frequency disturbance, which penetrates into the layer to create the
forward and reverse perturbation jets. The second is a high-frequency disturbance, which
is filtered by the shear, so that it exists almost entirely in the free stream. This mode
interacts with the backward jets near the top of the boundary layer to form an inflectional
type of instability, which intensifies downstream, leading to breakdown into a turbulent
spot.
1.4. DNS investigation of fully turbulent layer, including bypass transition
The study by Wu & Moin (2009) is one of the largest simulations of a spatially evolving boundary layer. They used a finite-difference formulation with convective outflow
boundary conditions. This avoids shortcomings associated with spectral methods used
in previous studies. Spectral methods introduce a form of streamwise periodicity, which
is unphysical, and they require special inflow and outflow fringe regions, such as used by
Spalart (1988) and Spalart & Watmuff (1993). Instantaneous flow fields in the turbulent
region of the Wu & Moin data are vividly populated by hairpin vortices. This is the first
direct evidence for hairpin structures in a DNS simulation that also follows scaling laws
and other well established statistical results.
These results also play a compelling role in our investigation because the Blasius
boundary layer is maintained in the early transitional region and intermittent localized disturbances are introduced periodically as a patch of isotropic turbulence in the
freestream at Rθ = 80. Fig. 1 shows the puff passing over the laminar boundary layer
in the upstream region of their domain. The transition is completed at approximately
Rθ = 750. Hairpin packets arising from upstream fragmented Λ structures are found to
play an important role in the bypass transition process. We have identified two types of
breakdown in these results:
(a) Breakdown associated with a streak; as identified in the results of Jacobs & Durbin
(2001), Zaki & Durbin (2005), Wu & Choudhari (2003) and Brandt et al. (2004); and
(b) Another form where the breakdown does not appear to be strongly associated with
a streak.
1.5. Influence of the leading edge
The transition scenarios discussed in §1.3 do not consider a leading edge. However, experimentalists have long recognized the detrimental effects of the leading edge. Kendall
(1991) and Watmuff (1998) investigated the effect of leading-edge bluntness on boundary layer development. They observed that changing the aspect ratio of the leading-edge
ellipse did not exert an influence on the formation of Klebanoff mode disturbances in the
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Figure 1. Turbulent puff used by Wu & Moin (2009). Iso–surface of second invariant of the
velocity gradient tensor, Q=100, and contours of streamwise velocity, U , on the plane y=0.003.

boundary layer. In subsequent experiments, Kendall (1998) observed that free-stream
vorticity excited three different kinds of disturbances in the boundary layer. The first
were the streaky Klebanoff mode oscillations that are typical of boundary layers subjected to FST. The second disturbances were an outer-layer motion at TS frequencies,
and the third, the traditional TS wavepackets which were much lower in amplitude than
the other two disturbances. However, Kendall noted that the TS wavepackets appear sporadically and he could not identify a feature in the free stream responsible for exciting
the wavepacket.
Watmuff (1998) conducted a series of flow quality improvements in which the background unsteadiness, u/U1 , in a Blasius boundary layer was reduced by a factor of 30.
During the initial stages the most significant reduction in u/U1 was associated with a
reduction in FST level, e.g. the peak value of u/U1 was reduced by a factor of three
when the FST was reduced from 0.12% to 0.08%. However, further reductions in u/U1
were realized only after painstaking improvements were made to the uniformity of the
porosity of wind tunnel screens leading to a reduction in the Free Stream Nonuniformity
(FSN).
In a follow-on study, Watmuff (2006) showed that the interaction of extremely small
spanwise FSN variations with the leading edge introduced a narrow low speed streak
within the layer. In one case, he placed a d = 50µm wire upstream of the contraction
(45,000 d upstream of the leading edge) to generate a laminar wake (Rd = 6.7). Without
the wake, the spanwise distribution of layer thickness was uniform to within ±2%. With
the presence of the wake, an almost immeasurably small spanwise variation in streamwise
velocity (∆U/U1 = 0.2% in the vicinity of the leading edge) was responsible for an
approximately 60% increase in the local layer thickness. The region of elevated thickness
is equivalent to a long, narrow, low speed streak in the layer, and two regions of elevated
background unsteadiness were found to occur on either side of the streak.
Goldstein & Wundrow (1998) argue that wake-like disturbances that correspond to
wall-normal vorticity stretch and tilt around the leading edge to enhance streamwise
vorticity in the flow above the flat plate. They argue that rapid distortion theory predicts
amplification of zero-frequency modes and therefore acts as a low-pass filter. Furthermore,
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the boundary layer itself selectively amplifies low-frequency, small-spanwise-wavelength
disturbances. Therefore, the presence of the leading edge causes selective amplification
of low-frequency modes, first by vortex stretching, and then through a low-frequency
selection process in the layer.
The resulting disturbance is in the form of long streamwise vortices whose effect on
the boundary layer was later analyzed by Wundrow & Goldstein (2001). They observe
that these vortices can cause a wake-like defect in the boundary layer profile, which
may be related to the backward jets of Jacobs & Durbin (2001). Formation of turbulent
spots is then attributed to growth of inviscid instability waves on the inflectional profile.
Wundrow & Goldstein showed that streamwise vorticity in the free stream can lead to
low- and high-speed streaks in the boundary layer.
The wake used by Watmuff (2006) is essentially the same form of freestream disturbance used by Goldstein et al. (1992). Watmuff found the characteristics of the unsteadiness in the layer to be much the same in regions where the distribution was concentrated
(arising from FSN) and at other spanwise positions where the distribution was more
uniform (arising from FST alone). The characteristics of the unsteadiness were found to
have much in common with Klebanoff modes, e.g. the unsteadiness occurs at very low
frequencies; peak values occur at a Blasius wall distance, η = 2.3. The streaks generated
by interaction of wakes from fine wires with the leading edge were found to be stable
despite the introduction of large spanwise perturbations in the layer thickness. This is
consistent with the observations of Brandt and co-workers mentioned in §1.3, i.e. the
streaks become unstable only at very large amplitudes.
Nagarajan et al. (2007) conducted a LES (Large-Eddy Simulation) concerning the
influence of a blunt superelliptic leading edge on bypass transition. FST was generated
to match the von Kármán spectrum, and they used several intensities and length-scales
for the FST. They found that at low levels of FST and for the superellipse aspect ratio,
AR = 10, transition occurs via streak instabilities, similarly to those observed by Brandt
et al. (2004). However, they observed a different transition mechanism, for higher levels of
the FST intensity and/or length scale, and with the leading-edge aspect ratio of AR = 6.
Local wavepacket-like fluctuations occurred in the spanwise velocity distribution, which
grew in amplitude and spatial extent with streamwise distance until they eventually broke
down. The origin of these wavepackets was traced back to the stretching of free-stream
vortices around the leading edge. The wavepackets were found to have distinctly different
properties from those leading to breakdown as a result of streak instability.
Ovchinnikov et al. (2008) performed DNS investigations of bypass transition at large–
amplitude FST levels. Their computational domain begins upstream of the leading edge
and extends into the fully turbulent region downstream so there are no assumptions or
modeling of the initial interaction of the FST with the leading edge. They found the
FST length–scale to have a profound effect on the bypass mechanism. For example, they
observed streamwise streaks for two values of FST length–scale, but found that the streak
breakdown occurred only for the smaller value of length–scale. Their results suggest that
leading–edge receptivity is an important factor influencing bypass transition.

2. Interaction between free–stream turbulence and Tollmien-Schlichting waves
The objective is to reduce the rms amplitude level of the turbulent patch in the Wu &
Moin (2009) simulation so that breakdown does not occur within the domain of interest
when the turbulent patch is acting alone. Establishing a suitable rms inlet amplitude
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Figure 2. Stability diagram showing relation between nondimensional frequency,
F = 90 × 10−6 and computational domain of Wu & Moin (2009)

will involve some trial and error. Initial simulations will be performed using the same
turbulent puff as the Wu & Moin simulation but with the amplitude scaled by 50%, 20%
and 10%. The scaling of the puff is easy to implement and these simulations will require
no modification to the method. However, the calculations have not been started at this
stage because they represent a significant amount of computation. For example, Wu &
Moin performed 2,000 time steps per puff cycle and they used a total 50 cycles (100,000
times steps) for converged statistics. Furthermore, minor changes to the mesh may be
required to incorporate the TS waves, as discussed further below. We do not anticipate
any problem with the implementation of the simulations using reduced FST amplitude.
Selection of the nondimensional frequency, F = 2πf ν/U1 2 , is an important consideration since this will set the x-range of interest, where the wave–amplitude should be
largest because this will be where the nonlinear interactions can be expected to be most
significant. Too high a frequency will put the region of interest too close to the inlet,
whereas too low a frequency will put the region of interest too far downstream on the
plate. The nondimensional frequency, F = 90 × 10−6 has been selected as a reasonable
value and the relationship with the computational domain of Wu & Moin is shown in
Fig. 2. The wave motions are shown in Fig. 3 and the corresponding growth rate is shown
further below in Fig. 4(a).
Implementation of the two–dimensional TS waves requires a specific inlet boundary
condition. The objective is to tune the inlet wave amplitude, so that when acting alone,
the wave amplitude remains small enough so that the behavior remains linear and there
is no onset of any secondary instability within the domain. The initial plan was to use
the eigenfunction from the corresponding Orr-Sommerfeld solution as the inlet boundary
condition but a non-parallel flow solution was considered to be more suitable. The inlet
boundary condition is obtained from a LES simulation which uses uses a method for
generating the waves that is based on the technique developed by Fasel & Konzleman
(1990), i.e. two–dimensional wave motions are generated using a cross–stream blowing
and suction strip. The TS wave motions have been computed for the Wu & Moin domain
using a two-dimensional 6th -order compact, compressible (M = 0.2), finite difference
code with implicit time stepping. The calculations used 23,000 iterations per TS cycle
leading to total of 460,000 iterations.
The initial plan was to copy the two–dimensional LES solution fully across the span
of the mesh of the Wu & Moin simulation so as to form a convenient restart file to
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Figure 3. Result from 6th -order LES calculation of two–dimensional TS waves interpolated
onto the computational domain of Wu & Moin for F = 90 × 10−6 .

begin the interaction studies, as shown in Fig. 3. However about twenty TS waves are
located within the domain and even very minor differences between the two mean flows
(e.g. pressure gradient) could result in significant differences between the two solutions in
the region of interest. A more precise way to construct the initial fully three–dimensional
restart file (i.e. without FST and containing only the TS waves) is to use exactly the same
mode shape and exactly the same x–y distribution as for the three–dimensional mesh,
but with only two mesh elements in the spanwise direction. The computational time
required to establish the approximately twenty waves should not be excessive because
the computations will involve only two spanwise mesh elements compared with Nz = 128
mesh elements in the fully three–dimensional simulation.
Another difficulty with the blowing and suction technique is that the strips must be
located some reasonable distance downstream of the layer origin. The strips consume a
further TS wavelength in the streamwise direction, and a farther streamwise distance
is required to allow for transients to decay. These constraints require the inlet to be
located farther downstream compared with the location of the inlet used by Wu & Moin.
The location of the suction and blowing strips and a suitable inlet boundary condition
mode shape profile that is free of transients are shown in Fig. 4. The difference between
shorter mesh for the interaction studies may not appear to be a serious limitation, but
any differences from the Wu & Moin configuration are clearly undesirable and should
be avoided if possible. For this reason we are also considering the use of a mode shape
derived from the results of Parabolized Stability Equations (PSE) simulations. This would
provide a non-parallel flow solution to establish a suitable inlet boundary condition that
will precisely match the Wu & Moin mesh configuration.
Substantial modification of the DNS source code is required to deal with the added
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Figure 4. Characteristics of TS waves (a) amplitude growth (b) mode shape of inlet profile.

complexity of using two independent and in general asynchronous boundary conditions,
i.e. the turbulent puff and the TS waves. However, we have conceptualized how the
modifications will be implemented and believe the implementation will not be difficult.
In essence, the two boundary conditions consist of perturbations that can be evaluated
independently based on the current time step and then simply summed. We anticipate
very little interaction right at the inlet, because the TS wave mode is almost completely
contained within a wall distance of 0.1 m, whereas the turbulent puff is confined mainly
to the upper half of the inlet.

3. Interaction of free stream turbulence with a steady streak
The results of Watmuff (2006) described in §1.5 show that the interaction of extremely
small spanwise FSN variations with the leading edge introduced a narrow low speed
streak within the layer. One of the previously unexplained anomalies in these results
concerns the wakes from wires located upstream of the contraction, which were found to
have a stronger influence on the boundary layer than the wakes from wires located in
the test section. The results are anomalous because the wakes originating upstream of
the contraction are an order-of-magnitude weaker in strength, e.g. ∆U/U1 ≈ 0.1%. This
barely measurable nonuniformity was found to be associated with a narrow region where
∗
∗
∗
there is a 60% increase in layer thickness, i.e. (δmax
− δBlasius
) /δBlasius
= 60%.
We have recently resolved this and other anomalies by conducting careful numerical
simulations that demonstrate that the flow of cross–stream vorticity through a wind
tunnel contraction leads to the formation of streamwise vorticity. The extreme sensitivity
to streamwise vorticity, which is now clear in the results of Watmuff (2006), is also
consistent with recent results by Schrader et al. (2010) who also found that the “boundary
layer is most receptive to axial free-stream vortices with low and in particular with zero
frequency”.
These streaks have interesting characteristics. For example, Watmuff (2008) showed
that a spanwise array of these steady streaks can suppress the breakdown of two–
dimensional TS waves. The steady streaks were found to be stable despite the introduction of large spanwise perturbations in the layer thickness. Watmuff (2004) found
that quite large disturbance levels are required to make the streak unstable. The results
support the idea that streaks resulting from FST are stable by themselves and that some
other process or interaction with another process is required for bypass transition.
Most wind tunnels will contain significant mean flow FSN. It is likely that boundary
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layers forming on test bodies in these wind tunnels will possess considerable facility dependent mean flow three-dimensionality. Boundary layer mean flow three-dimensionality
should be viewed in much the same way as disturbances originating from FST, i.e. unwanted, uncontrolled disturbances introduced by imperfections in the freestream. We are
planning to explore the influence of FST on a steady streak. The streak and associated
mean flow will be introduced as an inlet boundary condition taken from one of our recent
numerical simulations.

4. Concluding remarks
Local IT-related issues have been largely resolved and the first two authors are close
to implementing the more precise way to establish the initial fully three–dimensional TS
restart file, as described in §2, using the same code as Wu & Moin, but running at their
home institution. We expect these results to be available shortly after writing this report.
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