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The flow through a compressor passage without and with incoming free-stream
grid turbulence is simulated. At moderate Reynolds number, laminar-to-turbulence
transition can take place on both sides of the aerofoil, but proceeds in distinctly
different manners. The direct numerical simulations (DNS) of this flow reveal the
mechanics of breakdown to turbulence on both surfaces of the blade. The pressure
surface boundary layer undergoes laminar separation in the absence of free-stream
disturbances. When exposed to free-stream forcing, the boundary layer remains at-
tached due to transition to turbulence upstream of the laminar separation point. Three
types of breakdowns are observed; they combine characteristics of natural and bypass
transition. In particular, instability waves, which trace back to discrete modes of the
base flow, can be observed, but their development is not independent of the Klebanoff
distortions that are caused by free-stream turbulent forcing. At a higher turbulence
intensity, the transition mechanism shifts to a purely bypass scenario. Unlike the
pressure side, the suction surface boundary layer separates independent of the free-
stream condition, be it laminar or a moderate free-stream turbulence of intensity
Tu ∼ 3 %. Upstream of the separation, the amplification of the Klebanoff distortions
is suppressed in the favourable pressure gradient (FPG) region. This suppression is
in agreement with simulations of constant pressure gradient boundary layers. FPG is
normally stabilizing with respect to bypass transition to turbulence, but is, thereby,
unfavourable with respect to separation. Downstream of the FPG section, a strong
adverse pressure gradient (APG) on the suction surface of the blade causes the laminar
boundary layer to separate. The separation surface is modulated in the instantaneous
fields of the Klebanoff distortion inside the shear layer, which consists of forward and
backward jet-like perturbations. Separation is followed by breakdown to turbulence
and reattachment. As the free-stream turbulence intensity is increased, Tu ∼ 6.5 %,
transitional turbulent patches are initiated, and interact with the downstream separ-
ated flow, causing local attachment. The calming effect, or delayed re-establishment
of the boundary layer separation, is observed in the wake of the turbulent events.
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1. Introduction
Transition induced by free-stream turbulence is of avid interest due to its role

in turbo-machinery flows (Hodson & Howell 2005). It is also of fundamental
interest as an example of what is called bypass transition. Therefore, both
canonical configurations, such as flat-plate boundary layers, and more realistic
turbine passages have been previously investigated; the latter often uncovering new
fundamental transition scenarios. For example, the simulations of Wu & Durbin
(2001) demonstrated the formation of elongated, streamwise vortices on the pressure
surface of a turbine blade. Despite their formation on the concave surface of the
blade, they are not of the Görtler type, but rather induced by the distorted migrating
wakes. As we show herein, the compressor geometry proves to be even richer in
fundamental transition phenomena under free-stream turbulence.

Recent theoretical studies and computer simulations have provided a basic
understanding of some of the phenomena of transition under vortical perturbations.
However, the influence of free-stream turbulence upon transition in streamwise
pressure gradients remains uncertain. A net pressure rise could promote transition,
but the outcome is dependent on the pressure gradient history (Gostelow, Blunden &
Walker 1994); the pressure rise only ensures transition by the end of the aerofoil. From
what is known of bypass transition, even that is likely to be altered by free-stream
turbulence. The interaction of pressure distribution and the forcing from the free
stream raises many possibilities: orderly transition via inflectional instability modes,
bypass via Klebanoff distortions, lambda vortices forced by an interaction between
streaks and instability waves, instability of separated layers. These are possibilities that
appear in the existing literature and could exist in the compressor geometry. However,
they are not exhaustive and their relevance is uncertain. In the computations presented
here, some of the above processes are observed, depending on the intensity of the free-
stream turbulence, with the pressure and suction sides showing a markedly different
behaviour.

An exhaustive account of all the potentially relevant transition processes must
consider the nature of the free-stream vortical disturbance, leading-edge effects,
pressure gradient and surface curvature. The discussion of each relevant component is
deferred to the appropriate sections of the paper. In this introduction, a brief overview
is provided of canonical transition mechanisms that are relevant to this work.

1.1. Orderly transition

The orderly route to boundary-layer turbulence begins with the amplification of
linear instability waves. In zero-pressure-gradient boundary layers, these are viscous
Tollmien–Schlichting (T–S) waves which are two-dimensional at the critical Reynolds
number, Re =

√
Ux/ν ≈ 270. As the Reynolds number is increased, the T–S waves

amplify, but transition is not certain. Once the Reynolds number crosses the upper
branch of the stability curve, the linear instability waves return to a stable state.
Transition only takes place if the instability waves reach an amplitude of the order of
1 % of the free-stream speed, before crossing the upper branch. This amplitude marks
the onset of secondary instability, which leads rapidly to breakdown into turbulence.

The secondary instability is three-dimensional. It is attributed to a parametric
excitation of the base flow, which now includes the finite-amplitude T–S distortion
(Herbert 1988). Spanwise-periodic Λ-patterns develop on top of the T–S waves
(Klebanoff, Tidstrom & Sargent 1962). The arrangement from row to row can be
aligned (K-type) due to fundamental resonance, or staggered (C-type and H-type)
due to subharmonic resonance. Beyond the secondary instability stage, nonlinear
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breakdown has also been investigated empirically, using detailed experiments and
numerical simulations (see for example Kleiser & Zang 1991).

1.2. Bypass transition

Investigations of boundary-layer transition beneath vortical disturbances have yielded
a wealth of interesting mechanisms. Some are influenced by the geometry of the
leading edge (Kendall 1991), by the mean pressure gradient and its history (Abu-
Ghannam & Shaw 1980; Gostelow et al. 1994), or by the turbulence intensity
and length scale (Jacobs & Durbin 2000; Brandt, Schlatter & Henningson 2004;
Ovchinnikov, Choudhari & Piomelli 2008). To study bypass transition, detailed
characterization of the disturbance field is required, for example the level of anisotropy
and decay rate of the free-stream vortical disturbances which force the boundary layer
(Westin et al. 1994; Matsubara & Alfredsson 2001).

In the absence of leading-edge and significant pressure gradient effects, bypass
transition proceeds by amplification of the well-known Klebanoff distortions
(Klebanoff et al. 1962; Morkovin 1969). These streamwise-elongated disturbances
are forced by the low-frequency component of free-stream turbulence. It is known
from linear theory that the boundary layer acts as a low-pass filter, admitting low-
frequency perturbations from the free stream (Jacobs & Durbin 2000; Zaki & Saha
2009). Shear causes these to amplify due to the ‘lift up’ mechanism (Phillips 1969),
thus forming Klebanoff distortions. The flow in these ‘streaks’ is dominated by the
u-component, in a region of long streamwise extent. The amplification of Klebanoff
distortions and the ‘universality’ of their wall-normal profile are well documented
(Westin et al. 1994; Matsubara & Alfredsson 2001). Their spanwise scale is explained
by a competition between the shear amplification mechanism and viscous decay, and
is well predicted by non-modal growth analyses (Butler & Farrell 1992; Andersson,
Berggren & Henningson 1999; Luchini 2000).

In pure bypass transition, the low-speed streaks lift from the surface and initiate
transition near the top of the boundary layer. Higher frequencies in the free stream
penetrate the upper part of the boundary layer, the penetration depth decreasing with
increasing frequency. Higher frequencies trigger secondary instabilities of Klebanoff
distortions and lead to transition. At least, that is the perspective of a localized
interaction, which was observed in the direct numerical simulations (DNS) by
Jacobs & Durbin (2000) at free-stream turbulence intensity Tu ∼ 3.5 %, and verified
experimentally by Hernon, Walsh & McEligot (2007).

Distortion at the leading edge provides another potential route for coupling vortical
disturbances to the boundary layer. For example, Nagarajan, Lele & Ferziger (2007)
contrasted transition in the presence of slender and blunt leading edges, when the
free-stream turbulence intensity is Tu ∼ 3.5–4.5 %. The blunt leading edge led to
the formation of instability wavepackets, which amplified downstream and caused
breakdown to turbulence. While they could trace the origin of the packet to the
leading edge, the instability mechanism could not be unambiguously identified. More
recently, Goldstein & Sescu (2008) showed that the bluntness of the leading edge can
lead to the amplification of small-amplitude, unsteady disturbances. Downstream, the
base flow becomes inflectional and inviscidly unstable.

A recent simulation of the boundary-layer transition on a flat plate addressed the
interaction of Klebanoff modes on T–S waves (Liu, Zaki & Durbin 2008a). A mixture
of the pure orderly and bypass routes was observed. The fluctuating streamwise
jets, which compose the Klebanoff distortion, warp the instability wavefronts,
inducing transition through Λ-vortices. The interaction is, however, complex. A
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steady distortion has a stabilizing influence on T–S waves – a view supported by
analyses (Cossu & Brandt 2002) and experimental observations (Fransson et al.
2005). However, an unsteady Klebanoff distortion can also enhance the secondary
instability of T–S waves, and thus promote transition (Liu, Zaki & Durbin 2008b).

The relevance of these canonical simulations to compressor blades is uncertain:
in zero pressure gradient, the T–S waves have a very weak exponential growth rate
and are not observed under free-stream turbulence of about 1 %. Two locations
where the interaction of Klebanoff distortions and T–S waves can become relevant
are near a blunt leading edge (Kendall 1991) and in an adverse pressure gradient.
The latter was reported by Hughes & Walker (2001), who used wavelet transforms
to extract instability waves from surface stress measurements on the suction surface
of a compressor blade (Re = 1.1–1.3 × 105, Tu ∼ 2–3 %). The high-pass filtered data
yielded evidence of growing instability waves, which they asserted could precede the
appearance of turbulent spots.

1.3. The influence of strong adverse pressure gradient

In adverse pressure gradient, the boundary-layer profile becomes inflectional. It is
therefore prone to inviscid instability, which has significantly larger growth rates
than viscous, zero-pressure-gradient T–S waves. In addition, discrete mode triad
interactions have higher amplification rates in decelerated flow (Goldstein & Lee
1992; Corke & Gruber 1996). The threshold for orderly transition is thus reduced.

A summary of experimental investigations of bypass transition in pressure gradients
is provided by Abu-Ghannam & Shaw (1980). They show that the location of
transition is more sensitive to adverse pressure gradient than to favourable pressure
gradient. However, that sensitivity is reduced when the free-stream turbulence intensity
is higher than 3 %. In a more recent study, Gostelow et al. (1994) demonstrated that
transition is affected by the history of the pressure gradient.

In highly adverse pressure gradients, the boundary layer is at risk of separation
which, in the presence of free-stream vortical forcing, is followed by a rapid transition
to turbulence. Numerical simulations that fully resolve separation-induced transition
were conducted by Alam & Sandham (2000) and Spalart & Strelets (2000). Both
papers report on DNS of flow over a flat plate where suction is applied at the upper
boundary in order to induce separation. The linear stability analysis by Alam &
Sandham (2000) indicated that absolute instability of the separation bubble occurs
when the reverse flow is greater than 15 %. Their simulations also predicted a Λ-
vortex-induced breakdown to turbulence of the separated shear layer. On the other
hand, the simulation of Spalart & Strelets (2000) did not yield clear evidence of
primary or secondary instability, and the flow very rapidly became three-dimensional.
In both simulations, the turbulence was observed to be sustained even though the
flow was not absolutely unstable.

The above studies are all concerned with the influence of pressure gradient on
flat-plate boundary layers. More recently, DNS of transition in realistic aerofoil
geometries was carried out. In a compressor passage, both separation-induced and
bypass transitions are likely to be promoted, due to the overall flow deceleration.
These mechanisms were observed even in DNS of flow through turbine passages,
where the overall pressure gradient is favourable. Wu & Durbin (2001) simulated
flow in a T106 turbine cascade with periodically incoming wakes, at Re = 1.48 × 105.
They observed that the incoming wakes are distorted as they convect through the
passage. On the suction surface, turbulent spots are observed near the rear of the
blade, in the adverse-pressure-gradient section of the aerofoil. At larger angle of
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attack, Wissink (2003) and Wissink, Rodi & Hodson (2006) studied the influence of
migrating wakes on the laminar separation bubble, albeit at a lower Reynolds number
(Re = 51, 831). A Kelvin–Helmholtz (K–H) instability was observed to be triggered
by the periodic passing of the wakes. Small-scale fluctuations inside the wake were
found to be responsible for triggering further transition to turbulence inside the K–H
rolls.

Jones, Sandberg & Sandham (2008) reported on simulations of flow over a
NACA-0012 aerofoil at 5◦ incidence, and Re = 5 × 104. A laminar separation bubble
originating at approximately 15 % axial chord was the seat of breakdown to
turbulence. The flow downstream of the transition location was intermittently
separated due to the passing of the shed vortices. The two-dimensional vortex shedding
was found to be absolutely unstable to three-dimensional perturbations. A mechanism
was proposed – depending on strong local reverse flow and large instability growth
rates in braid regions – by which the instability could sustain itself.

A number of studies of transitional Reynolds number flows in compressor passages
have appeared in the experimental literature. Hughes & Walker (2001) investigated
the presence of natural transition within the boundary layer on the suction surface
of a compressor blade at Re = 1.1–1.3 × 105. The blade was a stator, downstream of
a 1.5 stage low-speed compressor cascade. While their Reynolds number was below
the normal operating range in conventional aircraft engines (Re � 6 × 105), it was
above the critical values for laminar separation to cause significant losses. Other
investigations were concerned with near-critical conditions, and the influence of free-
stream turbulence on the flow dynamics (Schreiber et al. 2004; Sonoda et al. 2004).
Such investigations are important for characterizing the off-design performance of
conventional engines, and also the design of smaller engines. For example, Sonoda
et al. (2004) focused on the compressor blade design for the outlet guide vanes
(OGV) of small aircraft turbofan engines. Their design operated at transitional
Reynolds number of approximately 1.3 × 105 and with a turning angle of 43◦

(similar to our DNS) at the cruise point. Under these conditions, they showed that
significant losses can emerge below a critical Reynolds number 2 × 105, due to flow
separation. Therefore, transition plays a significant role in the blade design in this
regime.

The current simulations combine curvature, pressure gradient and free-stream
turbulence effects. Various intensities of free-stream forcing and their influence
on transition in a NACA 65 compressor geometry are considered. The pressure
side experiences an adverse pressure gradient along most of its forward portion.
Nevertheless, at the Reynolds number of the present simulation, transition would
be quite slow in the absence of free-stream perturbations. It will be shown that
free-stream turbulence alters the boundary layer radically.

The next section, § 2, describes the computational set-up and the flow without
incoming turbulence. This provides the baseline against which to judge the effect of
free-stream turbulence. The ensuing sections provide our detailed observations and
computational data.

2. The simulation set-up
Figure 1 is a schematic of the computational domain. The blade geometry is

designated NACA 65. The linear low-pressure (LP) compressor cascade in figure 1
is largely in accordance with experiments performed at the University of the Armed
Forces in Munich (Hilgenfeld & Pfitzner 2004). The linear cascade in the experiments
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Figure 1. Upper part: cross-section through the computational domain at mid-span. Lower
part: computational grid showing every eighth line in x and y.

was denoted V103. In the simulations, only one of the passages is calculated, with
periodic boundary conditions in the y-direction, upstream and downstream of the
blade surface – to account for the cascade. The periodic regions are x/L < 0 and
x/L > 1, where the axial chord L is selected as the characteristic length scale. The
mean inflow speed U0 is chosen as the characteristic velocity. Based on these reference
scales, the simulation Reynolds number is Re = 138, 500.

The periodic condition in the y-direction has been widely adopted in the previous
DNS of flow in turbine passages, for example, by Wu & Durbin (2001) and Wissink &
Rodi (2006). This periodicity, however, implies synchronous shedding of trailing-edge
vortices from all the blades in a row. Abdessemed, Sherwin & Theofilis (2009) studied
this effect in the context of flow stability within turbine passages, at a relatively low
Reynolds number Re ∼ 5 × 103. Using two passages instead of one, they showed that
the shedding can become asynchronous from two consecutive blades in the cascade.
The phase shift was not appreciable, but affected the flow stability. This was primarily
due to the strong turning of the flow in the turbine passage: the unit normal to the
suction surface bubble of one blade intersected the trailing-edge vortices from the
blade above in their T106 configuration. In the current flow set-up, the exit velocity
is nearly horizontal, and the trailing-edge wake does not interfere with the upstream
flow.

The top and bottom computational boundaries are separated by one blade pitch,
P = 0.59L. The streamwise extent of the domain is 1.9L. The inflow plane is
x/L = −0.4, at which a mean velocity (Uo cos(α), Uo sin(α), 0) is prescribed; the inflow
angle is α = 42◦. Convective boundary conditions are applied at the outflow, x/L = 1.5
and periodic boundary conditions are enforced in the spanwise direction. The
spanwise size of the domain is 0.20L, which is approximately 10 times the maximum
boundary-layer thickness. In the experiments (Hilgenfeld & Pfitzner 2004), both
periodically incoming wakes and free-stream turbulence were introduced in the inflow
region of the cascade. The focus here is on the influence of the incoming turbulence
intensity on the dynamics of the flow.
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Simulation Grid Tu at x/L = −0.4

T0 1025 × 641 × 65 0.00
T1 1025 × 641 × 129 3.25
T2 1025 × 641 × 129 6.50
T3 1025 × 641 × 129 8.00
T4 1025 × 641 × 129 10.00

Table 1. Overview of the direct numerical simulations performed. Tu is the turbulence
intensity.

The incompressible Navier–Stokes equations are discretized on a staggered grid,
with a local volume flux formulation (Rosenfeld, Kwak & Vinokur 1991; Wu &
Durbin 2001). Time advancement of the convective terms is by second-order Adams–
Bashforth. The pressure and diffusion terms are treated using implicit Euler and
Crank–Nicolson, respectively.

In post-processing, flow quantities are decomposed into a time-averaged mean
and a perturbation component, e.g. u = ū + u′, and the streamwise and wall-normal
coordinates are denoted by the subscripts t and n, respectively.

Initially, a laminar simulation, without inflow perturbations, was carried out on a
coarse mesh comprising 625 × 289 × 65 points in the x, y and spanwise directions,
respectively. The same (x, y) grid was used for a preliminary simulation with inflow
turbulence. Based on the results from the coarse mesh computations, the grid was
refined in order to fully resolve the boundary layer on both the pressure and
suction sides. This exercise was particularly important on the suction surface due
to the presence of a thin separation bubble. The final, fine mesh is composed of
1025 × 641 × 129 points (84.76 million). It provides a higher resolution outside the
boundary layers in order to avoid any excessive decay of the free-stream turbulence.
Figure 1 illustrates the final mesh, with only every eighth grid line plotted. The grid
resolution at the blade surface in the tangent, normal and spanwise directions is
5 < ∆+

t < 10, 0.5 <∆+
n < 1.0 and 5 <∆+

z < 10 in wall units. These values are based on
the friction velocity from the simulation with the highest turbulence intensity.

Table 1 is an overview of the five fine-mesh simulations performed. The turbulence
intensity, Tu, is defined as

Tu =

√
1

3

u′u′ + v′v′ + w′w′

U 2
o

. (2.1)

Apart from the baseline, disturbance-free simulation T0, which is effectively two-
dimensional, all simulations use 129 points to resolve the span. The mean velocity
contours are shown in figure 2 and correspond to the fine mesh, T0 simulation. The
flow speed monotonically decreases through the passage, and the overall deceleration
is 25 % of the inflow velocity. The momentum change across the passage is primarily
due to the reduction in the vertical (y-direction) momentum. The velocity in the
x-direction, on the other hand, is only slightly increased in order to compensate for
the mass flow deficit due to the development of the boundary layers.

The surface pressure distribution, Cp ≡ (P − Pref )/(ρU 2
o /2), from the laminar

computation on the fine mesh is shown in figure 3. The pressure surface of the blade
(top curve) is subject to an APG from the leading edge till approximately 80 % of
the chord, after which the boundary layer is subject to FPG. A mild separation of the
pressure surface boundary layer takes place at x/L = 0.365 and extends for 24 % of the
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Figure 2. Simulation T0: contours of the time-averaged flow speed.
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Figure 3. Simulation T0: pressure distribution along the blade surface. The top curve
corresponds to the pressure surface and the lower curve corresponds to the suction surface.

axial chord. The suction surface (lower curve) initially undergoes strong acceleration
up to 20 % chord, followed by a strong APG that causes flow separation. The flow
reattaches farther downstream, with separation extending over approximately 31 %
of the axial chord. Beyond the reattachment point, the pressure recovery resembles a
wake flow. The region denoted ‘secondary bubble’ and the wake region of the flow,
x/L > 0.8, are only captured in the fine mesh, and would otherwise be unresolved.

Figure 4 shows the skin friction coefficient for the disturbance-free simulation,
Cf ≡ µ(∂ut/∂n)/(ρU 2

o /2), where ut is the velocity tangential to the blade surface, and
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Figure 4. Simulation T0: skin friction on (a) the pressure and (b) suction surfaces of the
blade. The separation regions are marked.

n is the wall-normal coordinate. The separation regions on both the pressure and
suction surfaces are marked. On the pressure surface, downstream of the reattachment,
an increase in the skin friction is observed, which is associated with the FPG towards
the trailing edge of the blade. On the suction surface, the secondary bubble is shown
as a region of forward flow inside the main separation region. The skin friction
increases downstream of attachment for a short region, but is subsequently reduced.
The Cf pattern is explained by considering the instantaneous flow field.

Figure 5 is an illustration of the instantaneous laminar flow around the blade
surface. Contours of instantaneous vorticity capture the separated boundary layers
on both sides of the blade. On the pressure surface, the separation rolls remain
adjacent to the surface. The dynamics of the suction surface are more complex. The
interaction of the separated K–H rolls and the newly formed boundary layer is shown,
at four phases of the shedding cycle, in figure 6(a–d). It is seen that the K–H vortices
convect slightly away from the wall. However, they maintain a separation region in
their shadow, within the newly formed boundary layer. This interaction is similar to
that reported by Jones et al. (2008). The average of the attached flow and separation
in the shadow of the migrating K–H rolls gives rise to the Cp and Cf patterns in
figures 3 and 4(b).

2.1. The free-stream turbulence

A separate DNS of decaying, homogeneous isotropic turbulence provided the vortical
inflow disturbance. This simulation was in a periodic box, whose vertical and spanwise
extents exactly matched the inflow plane of the compressor domain. By Taylor’s
hypothesis, the streamwise coordinate of the box of turbulence can be regarded as
time: thus, two-dimensional planes of u′, v′, w′ were extracted from the turbulent
box as a function of time, and superimposed onto the mean flow at x/L = −0.4 in
the compressor DNS. It should also be noted that the viscosity of both simulations
was the same, to ensure a short adjustment length for the inflow turbulence once it
enters the compressor computational domain. Time averaging was carried out over
approximately 18 convective time units based on the free-stream velocity and the
axial chord.

Various levels of the free-stream turbulence intensity were simulated. The five cases
to be considered – listed in table 1 – are Tu = {0.00, 3.25, 6.5, 8.0, 10.0}%, with
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Figure 6. (a–d ) Four phases of the shedding cycle from the disturbance-free simulation
T0. Total period is T = 0.24, which corresponds to the non-dimensional frequency,
F ≡ 106ων/U 2

o = 189.

the integral length scale Lk =0.06, at the inlet plane. These highlight distinct physical
phenomena. Throughout the paper, we will adhere to the following convention for
graphical representation of the results: T0 ( ); T1 ( ); T2 ( ); T3
( ); T4 ( ).

Contours of the turbulence intensity for simulation T2 are shown in figure 7. Since
the velocity ratio across the compressor is moderate (figure 2), it is expected that the
mean strain would slightly reduce the energy decay rate. This reduction in the decay
rate is clear in figure 7, downstream of the leading edge. Past the trailing edge, a
higher decay rate is recovered.

The downstream decay of Tu at mid-pitch is plotted in figure 8(a), for simulations
T1–T4. The evolution of the turbulence intensity can be expressed in the form
Tu = A (x + B)C . Using a least-squares method, the best fit for simulation T2 is
achieved when C ≈ − 0.46, which is weaker than the decay rate for isotropic
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Figure 7. Simulation T2: contours of the turbulence intensity, Tu.

0 0.5 1.0 1.5

10.0

8.0

6.0

4.0

T
ur

bu
le

nc
e 

in
te

ns
it

y,
 T

u

Downstream distance, x/L

2.0

0

(a)

0 0.5 1.0 1.5

T
ur

bu
le

nc
e 

di
ss

ip
at

io
n,

 ε

Downstream distance, x/L

10–4

10–3

10–2(b)

Figure 8. Simulations T1–T4. (a) The turbulence intensity and (b) dissipation, plotted at
mid-pitch from the various simulations with inflow turbulent forcing. Lines: T1;
T2; T3; T4.

turbulence, C ≈ − 0.71. The lower value of |C| is primarily due to reduction in
the turbulence decay rate within the passage. Figure 8(b) shows the evolution of
the turbulence dissipation ε at mid-pitch. The dissipation was evaluated using the

definition ε ≡ ν
(
∂u′

i/∂xj

) (
∂u′

i/∂xj

)
.

In figure 9(a), the intensity at the boundary-layer edge is plotted for both the
suction and pressure surfaces. Despite the pressure gradients along the blade, Tu

remains similar to the levels recorded at mid-pitch. In order to assess the isotropy
of the free-stream turbulence, the fluctuation field was projected onto streamline
coordinates and the root-mean-square (r.m.s.) disturbances are computed according
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correspond to the suction surface and light lines correspond to the pressure surface. Lines:

T1; T2; T3; T4. (b) Simulation T2: anisotropy of the free-stream
turbulence at the edge of the suction surface boundary layer. Lines: a11; a22;

a33.

to

urms
t =

[
(+u′tx + v′ty)2

]1/2

, (2.2)

urms
n =

[
(−u′ty + v′tx)2

]1/2

, (2.3)

where (tx, ty) is the two-dimensional, streamwise unit tangent. At mid-pitch, the
turbulence remained isotropic, urms

t ≈ urms
n ≈ wrms , which is consistent with the low-

level of mean strain at mid-pitch. The same was true near the pressure surface
of the blade. However, the favourable pressure gradient on the suction surface
caused anisotropy of the turbulence at the edge of the boundary layer. Figure 9(b)
shows the anisotropy, aij = u′

iu
′
j /k − (2/3)δij , where the subscripts (i, j ) refer to the

streamwise, wall-normal and spanwise directions. The results are from the intermediate
turbulence intensity case T2. Upstream of the blade, the turbulence is isotropic. In
the favourable pressure gradient region, 0<x/L < 0.2, the tangential component of
the turbulence decays, while the normal velocity perturbations are amplified, consistent
with the prediction of rapid distortion theory.

3. The pressure surface
The flow on the pressure surface separates in the absence of the free-stream

turbulence, but remains attached when it is present. This is seen in the Cp distribution
in figure 10; it is seen more clearly in the plot of Cf , in the same figure. The slightly
negative values change to positive values with free-stream turbulence.

In the presence of free-stream perturbations, even at the lowest intensity
Tu ∼ 3.25 %, the boundary layer transitions to turbulence. Transition onset, defined as
the point of minimum skin friction, takes place at x/L = 0.22, which is upstream of
the laminar separation point. The transitional boundary layer circumvents separation,
and transition is complete at x/L =0.46.

Breakdown to turbulence can be caused by a wealth of mechanisms, a number of
which are relevant to adverse-pressure-gradient flow on curved surfaces, and must all
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Figure 10. Pressure coefficient, Cp , and the skin friction Cf , along the pressure surface.
Lines: laminar (case T0), turbulent (case T1).

be considered. First, the interaction of the separated shear layer with the free-stream
turbulence can lead to a turbulent boundary layer. Here, K–H-type instabilities are
most relevant. However, if transition takes place upstream of the separation point,
bypass transition is suspect (Klebanoff et al. 1962; Morkovin 1969; Westin et al. 1994).
Free-stream vortical forcing can lead to the generation of algebraically amplifying
Klebanoff distortions, which become the seat for secondary instability and breakdown
to turbulence (Jacobs & Durbin 2000). On a concave wall, the Klebanoff modes can
give way to exponentially amplifying Görtler vortices (Görtler 1940).

It should be noted, however, that bypass breakdown is not inevitable in response to
the free-stream turbulence. The presence of a leading edge and adverse gradient in the
mean pressure can cause T–S waves to amplify quickly, and to dominate, or contribute
to, the transition process. Hughes & Walker (2001) for instance asserted, based on hot-
wire measurements of transitional boundary layers in an adverse pressure gradient,
that high-frequency velocity oscillations could be related to discrete instability waves.
Added complexity arises since both the T–S waves and their secondary instability
are known to be influenced by the disturbance environment. In a streaky boundary
layer, the T–S wave growth rate can be altered (Cossu & Brandt 2002; Fransson et al.
2005), and its secondary instability can change appearance, or wavenumber, as well
as growth rate (Liu et al. 2008a ,b).

3.1. Averaged results

In order to determine whether a Görtler instability plays a role, the Görtler number,
G ≡

(
u∞

t θ/ν
)
(θ/R)1/2 is plotted versus downstream distance in figure 11. Here, u∞

t is
the mean streamwise velocity at the edge of the boundary layer, θ is the momentum
thickness of the boundary layer, ν is the kinematic viscosity and R is the radius of
curvature of the wall. The lines extend up to the location where separation or transition
to turbulence is observed. According to the previous studies of the Görtler instability
(Saric 1994), the boundary layer flow on a concave surface becomes unstable at
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Figure 11. Simulations T0–T4: Görtler number on the pressure surface, upstream of
transition or separation, G ≡ (u∞

t θ/ν) (θ/R)1/2. Lines: T0; T1; T2;
T3; T4.

G ∼ 0.3 and the vortices are detected when G ∼ 5–6; secondary instability is observed
for G ∼ 6–9. As seen in figure 11, only in the laminar simulation T0 does a significant
streamwise interval (�x =0.15L) exist where G > 5. However, in our simulations the
instability was not observed. In all other simulations, an interval where G > 5 does not
exist or is too short for Görtler vortices to be detected. Indeed, vortex-identification
methods did not yield any evidence of Görtler vortices on the aerofoil surface. Both
the Q and λ2 criteria (Jeong & Hussain 1995) were considered. The absence of Görtler
vortices was independent of the spanwise size of the domain. Here, the ratio of the
spanwise extent to the maximum shear-layer thickness is approximately 10, similar to
the DNS of Jones et al. (2008) of separation bubbles on the NACA-0012 aerofoil.

For simulation T1 all three components of the r.m.s. disturbance profile, upstream
of transition, are shown in figure 12. The streamwise perturbation velocity reaches
the highest amplitude and resembles Klebanoff distortions which precede bypass
transition to turbulence. The wall-normal location of the maximum tangential velocity
disturbance is shown by a circle in the figure. The maximum urms

t moves away from
the wall with downstream distance. As a result, the wall-normal perturbation, urms

n ,
increases at that location as well (see a zoomed-in view of urms

n in figure 13).
For simulations T1–T4, the maximum urms

t is plotted versus downstream distance
in figure 14(a). The associated urms

n at the same location is also shown. The increase in
the wall-normal disturbance may be due to curvature effects. In figure 14(b), the urms

n

disturbance from simulations T1–T4 is shown at a constant height from the wall. The
amplification due to curvature is still observed, but takes place farther downstream
and is less pronounced than in figure 14(a). These observations are consistent with
the absence of Görtler vortices on the pressure surface upstream of transition.
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As the free-stream turbulence intensity is increased, the amplitude of the Klebanoff
modes also increases. As a result, their secondary instability and breakdown to
turbulence are promoted (Andersson et al. 1999). The upstream shift in the transition
onset at higher Tu is well documented in the literature, and is captured in figure 15,
where both the pressure coefficient and the skin friction are plotted for simulations
T1–T4. Transition location is observed to move upstream monotonically as the
turbulence intensity is increased. In addition, the sensitivity of the transition onset
to Tu is reduced at higher free-stream turbulence levels, consistent with the data
correlation of Abu-Ghannam & Shaw (1980).

The downstream evolution of the momentum thickness Reynolds number and the
boundary-layer thickness, upstream of transition, is shown in figure 16. Initially both
quantities are equal in all simulations, but deviate downstream for different free-
stream conditions. Prior to transition, the deviation is due to mean flow distortion by
Klebanoff modes.

Despite the required long integration time, frequency spectra were computed,

E(x, y, ω) =

∫ +∞

−∞
〈u(t)u(t + τ )〉 eiωτdτ. (3.1)

The angle brackets 〈·〉 denote averaging in the spanwise direction. The highest
resolvable frequency, Fmax = 2.2 × 105, is determined by the Nyquist criterion for
the size of the computational time step. The lower frequency limit, on the other
hand, is determined by the integration period for each simulation, which was
T = 18.15L/U∞. The corresponding minimum non-dimensional frequency is therefore
Fmin ≡ 106ων/U 2

o = 2.5. For comparison, the lowest frequency in the inflow turbulence
is min{Finlet} =168. Therefore, the integration time spans 67.4 sweeps of the inflow
turbulence box.
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Figure 17. Simulation T1: frequency spectra of the streamwise velocity perturbation, at the
wall-normal location where the disturbance energy is maximum. (a) Contours of the power
spectral density are plotted versus downstream distance and frequency. The dashed lines mark
the onset and end locations of transition to turbulence. (b) Line plots of the power spectral
density versus frequency at locations I–IV, which correspond to x/L = {0.1, 0.2, 0.4, 0.5},
respectively.

The streamwise evolution of the energy spectra for simulation T1 is shown in
figure 17. At each downstream location, the wall-normal location where urms

t is
maximum is selected for the evaluation of the energy spectral density. It is clear
from figure 17(a) that upstream of transition, the disturbance inside the boundary
layer is dominated by a low-frequency component. This is consistent with previous
observations of Jacobs & Durbin (2000). The highest energy levels occur in the
frequency range 15 < F < 35, which is significantly lower than the frequencies of the
turbulence introduced at the inlet plane, min{Finlet} =168. The generation of Klebanoff
modes must, therefore, be preceded by nonlinear interactions, which generate
low-frequency disturbances. Only these low-frequency perturbations penetrate the
boundary layer shear, and are amplified by the lift-up mechanism. Therefore, they
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become dominant in the near-wall region. Beyond the transition region, the flow
becomes fully turbulent and the spectrum is broadband.

The change in the disturbance spectra from the pre-transitional to the turbulent
region is demonstrated in figure 17(b). In the pre-transitional region, proceeding from
locations I to II, energy accumulates mainly in the low frequencies. At locations III
and IV, which are both in the fully turbulent regime, the energy has filled in at higher
frequencies.

Thus far, only averaged flow quantities were considered, and have all provided
clear evidence of bypass transition. Next, the instantaneous fields from simulations
of various free-stream conditions are presented and provide a new perspective on the
nature of the boundary-layer breakdown in these simulations.

3.2. Instantaneous results

An inspection of the instantaneous fields from the simulations of various turbulence
intensities demonstrates that transition on the pressure surface can take place via
three different mechanisms. The dominant route to boundary-layer turbulence is a
function not only of the free-stream intensity but also of the flow condition within
the boundary layer. First, the discussion will focus on the lowest turbulence intensity
simulation T1, followed by the higher Tu cases.

3.2.1. The inner mode

The first transition mechanism observed on the pressure surface boundary layer
is shown in figures 18–20. Figure 18 is a plane view of the tangential velocity
perturbation field inside the boundary layer, at a distance d ∼ 1.64 × 10−3 from the
wall. The sequence of images corresponds to a time period �t = 0.2. The perturbation
field captures the streaky, laminar boundary layer, the transition region, and the
downstream, fully turbulent flow. The streaks or Klebanoff distortions (Wu 2001)
have traditionally been regarded as a precursor of bypass transition. In the current
case, however, the nature of the breakdown is not evident. The middle time instance
t = 0.10 has superimposed an iso-surface of the second eigenvalue of the rate of
strain tensor, λ2 = −150. The iso-surface highlights the presence of strong vortices,
which take the shape of the letter Λ. The presence of Λs suggests a natural transition
mechanism. However, they are not independent of the streaks, or else they would
be observed homogeneously across the spanwise extent of the domain. Instead, they
appear in localized regions of the flow. Their spanwise size is not directly related
to the streaks: these wide Λ-structures straddle more than one spanwise wavelength.
They are ‘lifted’ away from the wall, which is clear from the figure since they lie above
the plane of the tangential velocity perturbation.

The nature of the breakdown mechanism is more evident when the wall-normal
perturbation field is considered (figure 19). Contours of u′

n perturbation amplify
downstream as the Λ-shaped disturbance is convected. The Λ structures finally break
down to turbulence, sustaining the fully turbulent boundary layer farther downstream.

The designation ‘inner mode’ derives from the shape of the disturbance, which
is clearly seen in a side view of the perturbation field (figure 20). The streamwise
velocity disturbance is plotted in a plane which bisects Λs, at t = −0.05 relative
to the time sequence in figures 18 and 19. The light and dark contours correspond
to positive and negative velocity perturbations, respectively. Figure 20(a) shows that
the Λ-structures are initiated adjacent to the wall, below the long forward-velocity
region. Their near-wall peak is consistent with the classical T–S instability for which
the critical layer is close to the wall. The wall-normal profile of the perturbation at
the location of the dashed line is shown in figure 20(b).
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(a)

(c)

(b)

Figure 18. Simulation T1. (a–c) Contours of the tangential velocity perturbations,
−0.1 <u′

t < 0.1. The plane shown is inside the pressure surface boundary layer, at a distance
d ∼ 1.64 × 10−3 from the wall. The sequence spans a time period �t =0.2. The second time
instance is included with an iso-surface of λ2 vortex-identification criterion superimposed on
the perturbation field.

The streamwise wavenumber of the inner instability mode is of the order of α = 125,
and its non-dimensional frequency is F = 330. Therefore, the computed phase speed,
c = 0.36, is commensurate with linear theory for discrete instability waves.

3.2.2. The overlap mode

The second transition mechanism observed on the pressure surface boundary layer
is also an inner instability, and has its origin in the discrete linear modes, or T–S
waves. It originates near the upstream edge of the long, low-speed perturbation region,
where it overlaps with the downstream edge of the high-speed region.
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(a)

(c)

(b)

Figure 19. Simulation T1. (a–c) Contours of the normal velocity perturbations
−0.01 <u′

n < 0.01. The sequence is at the same times as in figure 18.

The initial amplification of this mode is shown in figures 21 and 22. Again, the
perturbation field is plotted in a plane located at a distance d ∼ 1.64 × 10−3 away
from the blade surface; the sequence of images also corresponds to a time period
�t = 0.2. The tangential velocity field is dominated by high-amplitude perturbations,
which obscure the instability mechanism. It is more revealing to consider the wall-
normal disturbance, which is shown in figure 21. The instability wave is marked in
the first frame, and amplifies at subsequent times. The second time instance, t = 0.1,
also shows the iso-surface λ2 = −150. The observed vortex structures associated with
the instability are narrow in the spanwise extent, in contrast to the wider Λs discussed
above. Here, the instability has the same size as the host streak. The streamwise
wavenumber and frequency are only slightly increased: the former is of the order
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Figure 20. Simulation T1. (a) Side view of the tangential perturbation −0.1 <u′
t < 0.1, which

precedes the formation of the Λ-structures in figures 18 and 19. The snapshot corresponds to
t = −0.05, relative to the first frame in those figures. (b) Wall-normal profile of the tangential
perturbation extracted at the location of the dashed line.

of α =180, and its non-dimensional frequency is F = 460. Therefore, the computed
phase speed, c = 0.36, remains commensurate with linear, discrete instability waves.

The intermediate snapshot of figure 21, corresponding to t = 0.1, is further inspected
in figure 22. Both a plane and a side view of the tangential velocity perturbations
are shown. The former shows the elongated boundary layer disturbance, which hosts
the instability. The dashed line marks the location of the side view, as shown in
figure 22(b). The side view bisects the disturbance and clearly shows the instability
pattern near the upstream edge of the low-speed (dark) region.

Established literature suggests that the bypass mechanism dominates boundary-
layer transition at turbulence intensities greater than 1 %. However, the instability
modes observed on the pressure surface thus far do not resemble the instability
on lifted, backward jets, observed in the previous DNS of bypass transition (e.g.
Jacobs & Durbin 2000; Nagarajan et al. 2007). Instead, they are near-wall modes and
travel at the phase speed of the boundary layer’s natural, discrete instability waves.
This does not preclude, however, that they are influenced by the presence of streaks.
Previous work by Cossu & Brandt (2002) and Liu et al. (2008b) demonstrated that
the growth rate of discrete instability waves is affected by the presence of Klebanoff
distortions. In addition, Liu et al. (2008a) have shown that the secondary instability
and spanwise size of the emergent Λ-structures is a function of the their spanwise
wavelength. However, the mechanism is not a streak instability, rather it originates
in the convection of T–S waves by the strong, forward and backward jets of the
Klebanoff distortion.

3.2.3. Bypass transition

The above discussion focused on the instability waves observed when the free-stream
turbulence intensity at the inlet is 3.25 %. As the intensity is increased to 6.5 %, the
above mechanisms are still observed. However, they are also supplemented by the
bypass transition mechanism which Jacobs & Durbin (2000) and Wu et al. (1999)
describe as a secondary instability of lifted low-speed shear layers when they reach
the top of the boundary layer, and are perturbed by the free-stream high-frequency
eddies. The lifted shear layers have the appearance of backward jets, in the sense
that the profile of the perturbation velocity is that of a jet opposite to the mean flow
direction.
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(a)

(c)

(b)

Figure 21. Simulation T1. (a–c) Contours of the normal velocity perturbations,
−0.01 <u′

n < 0.01. The plane shown is inside the pressure surface boundary layer, at a distance
d ∼ 1.64 × 10−3 from the wall. The second time instance is included with an iso-surface of λ2

superimposed on the perturbation field. The sequence spans a time period �t = 0.2.

For simulation T2, the tangential velocity perturbations inside the boundary layer
do not differ qualitatively from T1: they are highly elongated in the flow direction.
However, they reach higher amplitudes, of the order of 15 % of the free-stream
speed. The tangential perturbations preserve their elongated appearance through
the transition length and into the fully turbulent boundary layer. They, thus, do
not provide a clear distinction between the laminar, transitional and turbulent
regions of the flow. Instead, the transition process is best identified using the wall-
normal or spanwise components of the fluctuation. Figure 23 shows the perturbation
field at three times. The sequence spans a period �t = 0.24 convective time units.
Figure 23(a, b) shows the wall-normal perturbation and figure 23(c) shows the
spanwise disturbance. The laminar, transitional and turbulent boundary layers are
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Figure 22. Simulation T1. (a) Plane and (b) side views of the tangential perturbation field,
−0.1 <u′

t < 0.1, at the intermediate time in figure 21. The plane view shows that the instability
occurs near the upstream edge of the low-speed streak and the downstream edge of the
high-speed streak. The dashed line marks the location of the side view (b). The side-view plane
bisects the disturbance wave which leads to breakdown.

distinctly identified in figure 23. In addition, the mean locations of the onset, Xs , and
end, Xe, of the transition length are shown in the figure. Upstream of Xs , the boundary
layer is insignificantly perturbed. In the region Xs <X <Xe, a representative turbulent
spot is enclosed by a rectangle in the figure. For X >Xe, the spots have spread and
merged together, thus forming a fully turbulent boundary layer.

Jacobs & Durbin (2000) suggested that breakdown in bypass transition commences
near the top of the boundary layer, when the negative u′

t perturbations are exposed
to high-frequency forcing in the free stream. This breakdown mechanism was also
verified by Zaki & Durbin (2005) in their simulations of continuous mode transition.
In the current DNS, events leading to the formation of the turbulent spot in figure 23
were inspected in order to identify whether a similar mechanism takes place. Figure 24
shows profiles of the velocity perturbation vectors at the first two time instants of
figure 23. The plane shown bisects the location of the spot inception. The profiles
show that the perturbation vectors are pointed upstream and have the appearance of
backward jets. The perturbation lifts towards the top of the boundary layer, where
it is exposed to the free-stream turbulence. The interaction, which can be seen at
the far left in figure 24(b), is destabilizing and initiates breakdown to turbulence.
Therefore, despite the pressure gradient and the presence of a leading edge, the
observed breakdown on the pressure surface is similar to bypass transition in flat-
plate boundary layers.
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(a)
Xs Xe

(b)

(c)

Xs Xe

Xs Xe

Figure 23. Simulation T2. (a,b) Contours of the wall-normal −0.01 <u′
n < 0.01 and (c)

spanwise −0.1 < w′ < 0.1 velocity perturbations. The time sequence spans �t = 0.24 time units.

4. The suction surface
In this section, the flow on the suction surface under the different free-stream

turbulence levels is discussed. The focus is initially on simulations T1 and T2, which
are compared to the quiescent free-stream condition and the pressure surface. This is
followed by a discussion of the effect of higher Tu on the suction surface boundary
layer, using the results from T3 and T4.

4.1. The influence of moderate free-stream turbulence intensity (T1, T2)

The pressure coefficient, Cp , of the full blade is shown in figure 25(a), for cases T0,
T1 and T2. Unlike the pressure surface, where the flow is attached in the presence
of the free-stream turbulence, the suction surface boundary layer remains separated
independent of the free-stream condition, be it quiescent or turbulent. The persistence
of laminar separation on the suction surface despite the free-stream turbulent forcing
raises the following question: Why does bypass transition not take place upstream
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Figure 24. Simulation T2. (a,b) Contours of the tangential velocity perturbations, at the first
two time instances of figure 23. The vectors show the in-plane velocity perturbation plotted at
every fourth grid point.
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Figure 25. (a) Pressure distribution along the blade surface and (b) skin friction on the
suction side for T0 ( ), T1 ( ) and T2 ( ).

of separation and, in a similar manner to the pressure surface, promote a reattached
boundary layer? It should be recalled that transition takes place on the pressure side
at x/L = 0.34, which is nearly 0.1L upstream of the suction surface separation point.
In addition, both blade surfaces share the same free-stream turbulent forcing. An
answer is given below, but first the separation behaviour on the suction surface is
contrasted for the different levels of free-stream turbulence intensities.

The separation pattern in the absence of free-stream disturbances was discussed in
§ 2, and was characterized by a main separation region, and a convected, localized
separation in the shadow of the shed K–H rolls. In that simulation, when Tu =0.0 %,
the flow remained laminar within the rolls. As the turbulent intensity is increased, the
extent of separation is significantly reduced (13.6 % of the axial chord for Tu = 6.5 %).
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Figure 26. (a–d ) Profiles of the mean tangential velocity for 0.1 � x � 0.4. Lines: T0;
T1; T2.

0.020

(a) (b) (c) (d )

W
al

l-
no

rm
al

 d
is

ta
nc

e

0.015

0.010

0.005

0 200

∂u––t /∂n ∂u––t /∂n ∂u––t /∂n ∂u––t /∂n
400 600

0.020

0.015

0.010

0.005

0 200 400 600

0.020

0.015

0.010

0.005

0 200 400 600

0.020

0.015

0.010

0.005

0 200 400 600

Figure 27. (a–d ) The wall-normal gradient of the mean tangential velocity at 0.1 � x � 0.4.
Lines: T0; T1; T2.

In addition, separation is delayed. The separation point moves downstream of
the laminar location, xs = 0.43, by 6 % of the axial chord when Tu = 6.5 %. The
departure of the Cf curves in figure 25(b) from the laminar is small in the favourable
pressure gradient region of the suction surface, x < 0.2, but increases in the adverse
pressure region of the blade. The higher free-stream Tu conditions promote a slight
increase in skin friction, which delays boundary-layer separation. This is further
investigated by considering the mean flow and r.m.s. disturbance profiles at various
downstream locations.

Figures 26 and 27 contain wall-normal profiles of the mean tangential velocity
and mean shear, at downstream locations, x = {0.1, 0.2, 0.3, 0.4}. Both show a minor
variation between the three free-stream conditions. In order to explain the distortion
to the mean flow, which delays separation, the quantity urms

n ∂ut/∂n is plotted at the
same downstream stations in figure 28. This term contributes to the production of the
shear stress u′

tu
′
n, which represents the turbulent transport of the mean momentum. It

is clear that for high free-stream turbulence intensity, the shear-stress production and
consequently the momentum transport by wall-normal fluctuations are significantly
enhanced inside the boundary-layer shear.

Now the difference in the boundary-layer behaviour on the pressure and suction
surface is revisited. The location of bypass transition is known to depend on the
amplitude of the Klebanoff distortion, which in turn depends on the intensity of the
free-stream forcing and the history of the pressure gradient (Abu-Ghannam & Shaw
1980). Therefore, one possible cause of the absence of transition on the suction surface
is the history of the Klebanoff distortion, and the change in its amplification with
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Figure 29. Simulations T1 ( ) and T2 ( ): downstream evolution of the maximum
urms

t inside the boundary layer, upstream of separation. Dark lines correspond to the suction
surface and light lines correspond to the pressure surface.

pressure gradient (Zaki & Durbin 2006). Figure 29 shows the maximum urms
t versus

downstream distance, on both the pressure (light lines) and suction surfaces (dark
lines), for the two turbulent intensities. Indeed, the Klebanoff distortion amplifies
more slowly on the suction surface than on the pressure side.

Profiles of urms
n ∂ut/∂n on the pressure and suction surfaces are compared in

figures 30 and 31. The results are shown for the T3 simulation (Tu =6.5 %), but are
representative of the other cases. The peak in the wall-normal shear on the suction
surface is larger than on the pressure side of the blade. However, the maximum shear
is located at the wall, where urms

n is identically zero. The term urms
n ∂ut/∂n is larger on

the pressure surface where urms
n multiplies the maximum shear away from the wall and

leads to stronger amplification of Klebanoff streaks. These results are consistent with
simulations of bypass transition of flat-plate boundary layers in pressure gradient
(Zaki & Durbin 2006). In the work of Zaki & Durbin (2006), flow acceleration is
observed to reduce the amplification of Klebanoff distortions, and thus to reduce the
risk of bypass transition. In the current setting, the same effect is observed along
the favourable pressure gradient region of the suction surface, 0 <x/L < 0.2. Beyond
the point of minimum pressure, Klebanoff distortions do not amplify sufficiently
quickly to cause transition to turbulence (see figure 29). Instead, the strong adverse
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Figure 30. Simulation T2, pressure surface. (a) Profiles of ∂ut/∂n and (b) the product
urms

n ∂ut/∂n. The three curves correspond to three downstream locations, x/L =
{0.05, 0.10, 0.15}.
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Figure 31. SimulationT2, suction surface. (a) Profiles of ∂ut/∂n and (b) the product urms
n ∂ut/

∂n. The three curves correspond to three downstream locations, x/L = {0.05, 0.10, 0.15}.

pressure gradient causes the mean flow to separate. Had bypass transition taken place,
a turbulent boundary layer might have prevented the flow separation.

Based on the time-averaged results of figure 25, the boundary layer is separated
when Tu � 6.5 %. In order to determine whether intermittent attachment takes place,
the spanwise-averaged skin friction, 〈Cf 〉, is computed as a function of time. The
minimum value of 〈Cf 〉 is plotted in figure 32; the flow remains separated for all
times, in the spanwise-averaged sense.

The instantaneous flow fields on the suction surface are now inspected for
simulations T1 and T2 in order to clarify the separation and, where relevant, the
transition mechanism at work. The choice of plotting the tangential, wall-normal
or spanwise perturbation fields is based on which component best illustrates the
phenomenon of interest.

The lowest-intensity case, T1, is considered first. Contours of the tangential velocity
perturbations are plotted at a plane d ∼ 1.64 × 10−3 away from the wall in figure 33.
The plane is partially opaque in order to allow visualization of surfaces that cross
that wall-normal location. The mean separation region is also indicated on the
figure. The same time instance is repeated three times: after the first image, the
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Figure 32. The minimum, spanwise-averaged skin friction, 〈Cf 〉 is plotted versus time. The
curves correspond to simulations (a) T1 and (b) T2. The spanwise-averaged flow for the two
lowest free-stream turbulence intensities is separated.

instantaneous separation surface is included, and is visible above and below the plane
of u′

t perturbation contours; then an iso-surface of λ2 = −150 is added.
Previously, the time-averaged results for this case indicated that free-stream

turbulence had a negligible effect on the separation onset (see figure 25). Here,
the instantaneous perturbation field demonstrates that the Klebanoff streaks inside
the boundary layer alter the instantaneous separation surface. The resulting three-
dimensionality of the separation surface, relative to the mean location, is clear in
figure 33(b): separation is shifted upstream where the elongated velocity contours are
negative (black), and downstream where they are positive.

The separated shear layer rolls into vortices, but they are not as clearly developed as
in the absence of the free-stream turbulence in figure 6. Instead, once the K–H roll is
formed, it is quickly destabilized by the free-stream turbulence and breaks down. Also,
the rolls are not two-dimensional, but are highly modulated in the span. Breakdown
to turbulence is followed by reattachment, and the boundary layer remains attached
downstream.

Frequency spectra for T1 are shown in figure 34. The spectra for the wall-normal
perturbation velocity are shown in figure 34(a) and for the tangential component
are shown in figure 34(b). The laminar shedding frequency, F =175, is shown in the
figure by a dashed line. Rather high energy content is observed near F ∼ 200 → 240,
in the spectra of the wall-normal disturbance. However, this frequency range is
not distinguished in the streamwise disturbance spectra. Instead, they capture the
generation of the low-frequency Klebanoff disturbance, which amplifies in the adverse-
pressure-gradient region x/L > 0.2.

According to the averaged results, T2 also exhibits laminar separation and
subsequent turbulent reattachment. The time evolution of the minimum 〈Cf 〉 also
predicted a fully separated flow. Here, the instantaneous velocity fields are examined
in order to highlight possible flow instabilities and their interaction with the separated
boundary layer.

A time series of the instability is shown in figures 35 and 36. The first sequence,
figure 35, shows the wall-normal perturbation field near the suction surface. In
figure 35(a), a wavepacket is seen to develop upstream of the mean separation surface.
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Figure 33. Simulation T1: separation on the suction surface of the blade. The same time
instance is repeated three times. In (a), light and dark contours correspond to positive and
negative tangential disturbances −0.05 <u′

t < 0.05. In (b), the three-dimensional separation
surface (white region) is superimposed on the perturbation field. The separation surface is
modulated by the boundary-layer perturbations. In (c), the iso-surface λ2 = −150 is also
included.

As it convects downstream, it breaks down to turbulence. The spreading turbulent
spot, as time progresses, occupies a larger region of the blade surface. Figure 35(c, d )
shows the spot merging with the downstream, fully turbulent boundary layer. The
same figure also shows the formation of another instability. This wave emerges,
however, within the mean separation region. It retains a quasi two-dimensional form
until a late stage, prior to merging with the downstream turbulent flow.

The same time series is repeated in figure 36, for the streamwise velocity disturbance.
It is evident from the figure that the streaks in T2 are much narrower in the spanwise
direction than those in T1. Therefore, the modulation of the separation surface in the
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Figure 34. Simulation T1: frequency spectra at the wall-normal location where the
disturbance energy is the maximum. The contours are of the power spectral density computed
from (a) the wall-normal and (b) streamwise perturbation velocities.

spanwise direction is at a much finer scale. The figure also shows the instantaneous
separation surface. It is now apparent that the averaged results presented earlier, which
suggest that the boundary layer is fully separated, are misleading. The boundary layer
on the suction surface is attached in regions where turbulent spots are formed. It
is also interesting to note that the instability wave which emerges upstream of the
mean separation location (figure 36a) initially triggers a mild local separation. At
this stage, the instability wave has the form of a small spanwise roll, whose strength
is sufficient to separate the local velocity profile. However, as the instability moves
downstream, it breaks down to turbulence and causes a growing region of attached
flow. The attachment region increases in the spanwise extent as the spot spreads. In
contrast, the second instability, which emerges in figure 36(c,d ), does not result in
significant attachment, due to its late inception.

A time series of the skin friction at the location marked ‘x’ in figure 35(a) was
recorded and is shown in figure 37. The times corresponding to figure 35(a,d ) are
denoted by A and B , respectively. Since the recording station lies within the mean
separation region, Cf first has a negative value. As the spot convects past the sensing
station, a strong fluctuation is observed, and is associated with the boundary layer
being buffeted by the patch of turbulence. Beyond the final snapshot of figure 35,
the convected spot has cleared the recording location. The skin friction in figure 37,
beyond point B , slowly relaxes to the separated state. This relaxation is known
as the calming effect that trails turbulent spots. One explanation of calming is a
relaxation of the boundary layer from a turbulent condition, to a laminar state.
However, if one considers the time interval t ∈ [A, B], the averaged CAB

f ∼ 0.0004,
which is significantly smaller than the turbulent level for this flow, which is O(0.004).
Therefore, the calmed region observed in our simulations is not a relaxation of the
boundary layer, but rather a region that trails the turbulent spots and that is more
stable than the undisturbed flow.

4.2. The influence of high free-stream turbulence intensity (T3, T4)

The state of the boundary layer on the suction surface for T3 and T4 is also discussed
starting with the averaged quantities, followed by instantaneous perturbation fields.
The pressure and skin-friction coefficients for these cases are included in figure 38,
along with the curves for T1 and T2. As the turbulence intensity is increased to
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(a)

(b)

(c)

(d )

Figure 35. Simulation T2. (a–d ) Contours of the normal velocity perturbations,
−0.01 <u′

n < 0.01, inside the suction surface boundary layer, at a distance d ∼ 1.64 × 10−3

from the wall. The mean separation length is shown by dark lines. The sequence spans a time
period �t = 0.4.
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(a)

(b)

(c)

(d )

Figure 36. Simulation T2. (a–d ) Contours of the tangential velocity perturbations,
−0.05 <u′

t < 0.05, with the instantaneous separation surface superimposed. The mean
separation length is shown by dark lines. The sequence is at the same times as in figure 35.
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Figure 37. Simulation T2: the time-dependent skin friction, Cf (t), due to the streamwise
velocity component, evaluated at (x, z) = (0.55, 0.055). This location on the blade surface is
identified by ‘x’ in figure 35(a). The time trace shows the calming effect associated with the
passing of the turbulent spot in figures 35 and 36.
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Figure 38. (a) The pressure coefficient, Cp , and the skin friction, Cf , along the suction surface.
(b) The downstream variation of the momentum thickness Reynolds number, Reθ . Lines:
T0; T1; T2; T3; T4.

Tu = 8.0 % (case T3), the suction side boundary layer no longer separates. The skin
friction curve shows transition to turbulence at this, and at higher, Tu levels. The
minimum in the skin friction, however, is achieved beyond the laminar separation
location. This is possible because of a combination of separation delay, due to the
distortion of the base flow discussed above, and higher Klebanoff mode amplitude
which promotes transition at increasing free-stream turbulence levels. The downstream
evolution of the Reynolds number, based on the momentum thickness, is also reported
in figure 38. The onset of transition at the two highest Tu levels is at Reθ =255
and the slightly upstream location Reθ = 245, respectively. The lack of sensitivity
of the transition location at high free-stream turbulence levels is consistent with
the experimental observations reported by Abu-Ghannam & Shaw (1980). However,
transition in our simulations is downstream of the Reθ predicted by their data
correlation. The same trend is observed in the experimental data by Abu-Ghannam &
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Tu (%) 0.00 3.25 6.50 8.00 10.00

A (%) 0.0 0.0 0.0 59.8 96.6

Table 2. The percentage of time A where the spanwise-averaged flow
on the suction surface is attached.
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Figure 39. The minimum, spanwise-averaged skin friction, 〈Cf 〉, is plotted versus time. The
curves correspond to (a) T3 and (b) T4. For simulation T3, the flow is intermittently attached,
and mostly attached for the highest free-stream turbulence intensity, T4.

Shaw (1980), which have a larger transition Reθ than their correlation at Tu =4.8 %.
They attributed the deviation to the pressure gradient history. In the flow studied
herein, the variation in the pressure gradient is most pronounced along the suction
surface of the blade.

The minimum in the spanwise-averaged skin friction is plotted versus time in
figure 39, for T3 and T4. The percentage of time that the flow is attached, A, is also
reported in table 2. The flow is only attached 59 % of the time for T3 – separation is
therefore not entirely prevented, but is rather intermittent. This observation motivates
investigation of the instantaneous velocity field on the suction surface of the blade.

A snapshot of the suction surface from T3 is provided in figure 40. The contours
show the wall-normal velocity perturbation. The single snapshot demonstrates
the presence of small regions of separation near the laminar–turbulent boundary.
However, the boundary layer is predominantly attached. Also marked in the figure
is an instability wave, similar to that previously recorded in T2, but which takes
place early upstream at the higher Tu level. This instability becomes turbulent later in
time. The generation of disturbance waves, similar to the marked structure in figure
40, does not necessarily lead to breakdown. During the simulations, events of such
appearance initially amplify, but can subsequently decay without becoming turbulent.
These waves, travelling at relatively lower phase speeds, are overtaken by the faster
travelling Klebanoff modes. The influence of Klebanoff distortions on these waves has
been addressed in the literature, with conflicting conclusions. For example, Cossu &
Brandt (2002) suggest that the distortions can stabilize instability waves. Others
have shown that unsteady, jetlike distortions enhance the secondary instability of the
waves (Liu et al. 2008b). Wu & Choudhari (2003) have derived an enhancement to
the growth rate of the instability. These competing mechanisms, therefore, determine
the fate of these disturbances, be it breakdown to turbulence or decay.
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Figure 40. Simulation T3: contours of the wall-normal velocity perturbations
−0.01 <u′

n < 0.01 at a distance d ∼ 1.64 × 10−3 from the suction surface. The highlighted
perturbation amplifies and leads to breakdown, in a manner similar to the instability in
figure 35 for simulation T2.

(a)

(b)

Figure 41. Simulation T3. (a) Contours of the normal velocity perturbations
−0.01 <u′

n < 0.01. (b) A zoomed-in view of the Λ-structure which precedes breakdown. The
Λ-structure is identified by an iso-surface, λ2 = −390.

Similar to the pressure surface of the blade, it is expected that adverse pressure
gradient on the suction surface promotes the amplification of discrete instability
waves and naturally triggered instabilities. A formation of Λs is often an indication
of the presence of such instabilities. One example from simulation T3 is shown
in figure 41. Figure 41(a) shows the perturbation field near the blade’s surface.
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(a)

(b)

Figure 42. Simulation T4: contours of (a) the normal −0.01 <u′
n < 0.01 and (b) tangential

−0.1 <u′
t < 0.1 velocity perturbations. A large number of turbulent spots are observed to

emerge due to the boundary-layer forcing by the higher free-stream turbulence intensity.

Figure 41(b) is a zoomed-in view, with the iso-surface λ2 = −390 superimposed. The
figure distinctly confirms that natural transition mechanisms, analogous to those
studied in canonical flows (Herbert 1988; Liu et al. 2008a), are indeed relevant in
complex flow conditions.

The spanwise-averaged skin friction predicts that the suction surface boundary
layer in case T4 is attached 96.6 % of the time (figure 39). This is primarily
due to a high frequency of the spot inception, in response to the high level
of free-stream turbulence. A snapshot of the boundary layer, demonstrating
the higher spot formation rate in T4, is shown in figure 42. The mechanisms
underlying the formation of these spots are of the bypass type. It is remarkable
that such a high turbulence intensity is required in order for the bypass
mechanism to dominate. The current simulations demonstrate that classical, discrete
instability waves can continue to play a role even at high background turbulence
levels.

The spectra in figure 43 confirm that case T4 is dominated by pure bypass transition.
These spectra are dominated by a range of low-frequency disturbances. Thus, the
boundary layer is perturbed by a spectrum of Klebanoff modes. This should be
contrasted to T1 (figure 34) where only a very narrow range of low-frequency
disturbances has sufficient energy to be captured by the contour levels. Also, in case
T4, the transition region is not as distinctly demarcated, due to the buffeted nature
of the boundary layer.
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Figure 43. Simulation T4: frequency spectra at the wall-normal location where the
disturbance energy is the maximum. The power spectral density is computed from the
streamwise velocity perturbation. The vertical dashed lines mark the onset and end locations
of transition to turbulence. The horizontal line marks the shedding frequency of the laminar
separation bubble from T0.

5. Conclusion
Direct numerical simulations of transitional flow on the NACA 65 aerofoil in

a linear compressor passage were carried out with various levels of free-stream
turbulence intensities. The numerical experiments are rich with fundamental transition
phenomena, due to the vortical forcing and the adverse pressure gradient.

In the absence of free-stream forcing, the pressure surface boundary layer undergoes
laminar separation. When vortical perturbations are introduced at the inlet of the
computational domain, they cause the boundary layer to transition to turbulence.
The transition location, being upstream of the laminar separation point, ensures
that the flow remains attached. Despite the concave curvature of the pressure
surface, transition is not via Görtler vortices. Instead, at the inlet turbulence intensity
Tu = 3.25 %, streamwise elongated disturbances were amplified upstream of transition.
Their breakdown, however, did not follow the conventional bypass mechanism, where
lifted low-speed shear layers are perturbed by the free-stream, high-frequency forcing.
Instead, an inner instability was observed, and its later stages has the form of Λ-
structures, which resemble those found in the secondary instability of classical T–S
waves.

The velocity profile upstream of transition was extracted and a local, linear stability
analysis was performed in order to answer whether the wavenumber of Λs can be
related to instability waves of the base flow. The velocity profile indeed possesses
a discrete instability at α =125, which corresponds to the inner mode. The current
study, therefore, highlights the significance of earlier fundamental studies of the
interaction of Klebanoff distortions and T–S waves (Cossu & Brandt 2002; Fasel
2002; Fransson et al. 2005; Liu et al. 2008a). At higher free-stream turbulence
levels, bypass transition via the secondary instability of streaks becomes dominant.
The transition mechanism therefore agrees with previous numerical and physical
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experiments of bypass transition, in the absence of pressure gradient and on turbine
blades (for example Jacobs & Durbin 2000; Hernon et al. 2007).

The co-existence of Klebanoff modes and instability waves also highlights the
potential importance of the spectral make-up of the incoming turbulence, and its
influence on transition. Traditionally, the high- and low-frequency components of the
free-stream turbulence have been addressed separately, in connection with natural
and bypass transition, respectively. The relatively higher-frequency disturbances were
the focus of receptivity studies, in relation to the generation of T–S waves (Saric,
Reed & Kerschen 2002); the lower-frequency content was investigated in the context
of the generation of Klebanoff modes (Leib, Wundrow & Goldstein 1999). It was also
suggested that the bypass mechanism dominates at turbulence intensities greater than
1 %. In the current study of a compressor blade, both the bypass and instability-wave
mechanisms are observed simultaneously, but a shift in the dominant mechanism is
possible for different spectral make-up of the incoming turbulence.

The suction side boundary layer also undergoes laminar separation in the absence of
free-stream vortical disturbances. Kelvin–Helmholtz rolls are shed from the separated
shear layer and remain non-turbulent as they convect downstream. They maintain a
region of separated flow in their shadow, on the surface of the blade, thus preventing
full reattachment of the boundary layer.

When vortical disturbances are introduced at the inlet, separation is not immediately
bypassed. Instead, the flow behaviour is dependent on the free-stream turbulence
intensity. At the lowest intensity, Tu = 3.25 %, separation persists, and is modulated
by the boundary-layer streaks. The formation of K–H rolls is immediately followed
by breakdown to turbulence due to the perturbations in the free stream. As the
perturbation level is increased, Tu =6.5 %, turbulence spots are observed on the
suction surface. Their interaction with the separated boundary layer resulted in local
reattachment and the calming effect was observed. Finally, at the highest-intensity
cases, Tu > 6.5 %, a combination of mean flow distortion and transition to turbulence
caused the boundary layer to remain attached.

After converged statistics were computed from simulations T1–T4, the inlet
perturbations were ceased. The computations were sustained with only the mean
flow prescribed at the inlet plane, in order to verify whether the flow recovers the
state found in simulation T0. On the pressure surface, separation was re-established
and resembled the flow state in T0. On the suction surface, however, the flow did not
recover the separation characteristics of T0. Instead, the laminar separation continued
to undergo turbulent reattachment, despite the absence of any fluctuations in the free
stream.

The origin of an absolute instability on the suction surface was examined, and is
similar to the mechanism reported by Jones et al. (2008). It is best illustrated using
the instantaneous fields from simulation T0. Figure 44 is a zoomed-in view of the
last phase of the laminar shedding cycle originally shown in figure 6. The contours
of spanwise vorticity clearly show the K–H rolls. Superimposed on the vorticity
are iso-contours of streamwise velocity. The reverse flow from the downstream roll
can convect perturbations upstream into the braid region. These perturbations are
subsequently convected farther upstream by the subsequent roll. Therefore, when the
inlet fluctuations were removed from simulations T1–T4, this mechanism sustained
breakdown of the shed vortices and caused turbulent reattachment of the separated
boundary layer.

This paper has focused on the interaction of free-stream turbulence with the
boundary layers in a compressor passage. The role of base-flow unsteadiness was
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Figure 44. Simulation T0: contours of the spanwise vorticity on the suction surface. The
snapshot corresponds to the marked region in figure 6(d ). The lines mark contours of the
tangential velocity.

not discussed. In a separate effort, we have investigated the effect of migrating
turbulent wakes (Zaki et al. 2009). In that case, the free stream was laminar between
consecutive wakes, and therefore the turbulent forcing was intermittent. Only one
wake-turbulence intensity was simulated, Tu = 3.5 %. The suction surface boundary
layer underwent laminar separation and turbulent reattachment, similar to the current
case T1. In between wakes, the separation location moved upstream and the extent
of the separation region increased. Further simulations are currently being performed
in order to determine the influence of mean-flow unsteadiness and higher turbulence
levels within the migrating wakes.
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