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A novel type of surface roughness is deployed in a zero-pressure-gradient boundary
layer with the goal of delaying the onset of laminar-to-turbulent transition for drag
reduction purposes. This proof-of-concept experiment relies on forcing phase-triggered
Tollmien–Schlichting (TS) waves across a range of initial amplitudes to produce
amplified boundary-layer disturbances in a controlled and repeatable manner. Building
on earlier work demonstrating attenuation of forced disturbances and delay of
transition with spanwise arrays of discrete roughness and miniature vortex generators
(MVGs), the present work seeks a roughness shape which might find success in a
wider range of flows. Toward that end, streamwise-elongated humps are regularly
spaced in the spanwise direction to form a wavy wall. By direct modulation of
the mean flow, growth rates of the forced disturbances are increased or decreased,
depending on the roughness configuration. Boundary-layer velocity measurements
with hot-wire probes have been performed in a parametric study of the effects of
roughness-field geometry and forcing amplitude on TS-wave growth and transition.
The roughness field proves detrimental to passive flow control efforts in some
configurations, while a reduction in the TS-wave amplitudes compared with the
smooth-wall reference case is observed at other conditions. Substantial delays in the
onset of transition are demonstrated when TS waves are forced with large amplitudes.

Key words: boundary-layer stability, boundary-layer control

1. Introduction
A longstanding goal of flow control research is development of drag-reducing

devices. Currently, the greatest potential for reducing fuel consumption of modern
aircraft lies with advancing laminar flow control (LFC) technology (Green 2008). The
optimist will note that many LFC techniques exist in various stages of development.
The practical difficulties associated with active systems (e.g. boundary-layer suction)
have thus far limited use of these systems to the laboratory or flight tests, despite
promising results in these environments. Passive systems, however, have an advantage
in that they are more mechanically simple and require no energy input. The
low-roughness surface finish found on some aircraft can be considered a simple
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passive drag-reducing device, as transition is significantly advanced by surface
roughness in some scenarios (Saric, Carpenter & Reed 2011). Another strategy
for passively reducing skin-friction drag is the application of riblets. Rather than
delaying the onset of transition, these streamwise-oriented, spanwise-periodic surfaces
ameliorate the high wall shear stress in turbulent boundary layers. The relevant
literature still hosts some debate concerning the exact nature of the mechanism
(García-Mayoral & Jiménez 2011a). The goal of the present work is to effect a
transition delay for drag reduction by introduction of controlled modulation to the
boundary-layer velocity field. To do so, a patterned field of surface roughness not
unlike that of riblets is employed.

Although a complete understanding of surface-roughness-induced boundary-layer
transition eludes the grasp of contemporary researchers, this field of study is far
from stagnant. For many years, the prevailing notion was that roughness had,
at best, a neutral effect on transition. The empirical correlations developed in
the early period of transition research remain useful guides in some scenarios.
The roughness-height-based Reynolds number is a common metric, defined as
Rek = U(k)k/ν, where U(k) is the theoretical undisturbed streamwise velocity at
the roughness height, k, and ν is the kinematic viscosity. For artificial distributed
roughness, a critical roughness-height-based Reynolds number of Rek,crit = 600 was
observed in the experiments of von Doenhoff & Horton (1958). Klebanoff, Cleveland
& Tidstrom (1992) report that Rek,crit = 325 for discrete hemispherical roughness
elements, while Rek,crit = 450 for cylindrical roughness. The value of Rek,crit varies
somewhat with roughness shape and experimental facility. The inability of simple
correlations to reconcile observed variations in instability growth and transition
location prompted Morkovin (1969) to elucidate the importance of branching paths
connecting receptivity and breakdown to turbulence. For roughness of subcritical
height, transient growth theory describes the evolution of the induced disturbances,
i.e. a period of spatial growth followed by exponential decay (see e.g. Reshotko 2001).
The physical mechanism of this phenomenon was described by Landahl (1980) as
the re-distribution of high- and low-momentum fluid near the wall by streamwise
vortices, and is often referred to as the lift-up mechanism. This accounts for the flow
deformation in the far wake of the roughness and the decaying disturbances. The
connection of transient growth theory with roughness-induced transition has renewed
efforts to form a fundamental understanding of this process and the amount of recent
literature on the subject is considerable.

Despite the detrimental influence of roughness-induced disturbances on boundary-
layer stability in many flows, deliberately designed discrete roughness elements can
delay transition in boundary layers dominated by crossflow (Saric et al. 2011) or
streamwise instabilities (Fransson et al. 2006). An interesting possibility for flat-plate
boundary layers is raised by the work of Kosorygin, Radeztsky & Saric (1995),
in which selectively placed two-dimensional roughness elements scatter acoustic
disturbances into two-dimensional waves which subsequently undergo destructive
interference. In the crossflow scenario, the primary instability leading to transition is
manifested as streamwise-oriented vortices that produce spanwise-periodic deformation
of the mean flow. The wavenumber spectrum of the stationary disturbances can be
initiated with spanwise-periodic arrays of roughness applied at the first crossflow
neutral stability point. The roughness elements are small: heights of approximately
10 µm raise the initial disturbance above that of naturally occurring perturbations
and at relevant test conditions, Rek ≈ 0.2. When a short-wavelength disturbance
whose growth rate is less than that of the naturally occurring instability is excited,

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

01
4.

37
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2014.377


Tollmien–Schlichting wave growth over spanwise-periodic surface patterns 41

growth of the most amplified mode is suppressed and significant delays in transition
may be realized. Though sensitive to environmental conditions, this method of
roughness-induced transition delay has been successfully demonstrated in low-speed
(Saric, Carrillo & Reibert 1998) and high-speed (Schuele, Corke & Matlis 2013)
boundary layers.

Patterns of discrete surface roughness elements can be applied to delay transition
due to viscous shear-layer instabilities, i.e. Tollmien–Schlichting (TS) waves. For the
case of a two-dimensional flat-plate boundary layer without a streamwise pressure
gradient, the transition scenario proceeding through linear instability growth follows
this path. The primary instability takes the form of a travelling wave which can
be two-dimensional or oblique. The more-amplified two-dimensional TS waves are
the model disturbance of the present work. The strength of this instability may
be characterized by the temporal root-mean-square of the streamwise fluctuating
velocity, u′rms. A general criterion for growth of fundamental secondary instabilities
requires sufficiently large TS-wave amplitudes with u′rms,max > 0.01U∞, where U∞ is
the free-stream velocity. Secondary instability of TS waves is evident as spanwise
modulations of the flow, or so-called Λ vortices. In one possible transition scenario,
high-frequency turbulent bursts (a harbinger of transition) are observed within a few
TS wavelengths of the emergence of fundamental secondary instabilities. These bursts
appear intermittently at first, with increasing length and frequency of occurrence
as the flow proceeds through breakdown to fully turbulent (Klebanoff, Tidstrom
& Sargent 1962; Herbert 1988). This type of scenario is usually associated with
temporal amplitude and phase modulations of the primary instability resulting from
natural background disturbances (Kachanov 1994). TS waves that are only weakly
modulated are observed to produce a more gradual transition, devoid of turbulent
spots (Borodulin et al. 2002a). Although the path to transition will deviate through
transient growth or bypass mechanisms in the presence of sufficiently large roughness
or elevated free-stream turbulence (Saric, Reed & Kerschen 2002), the present work
focuses on linear instability growth as the reference case.

2. Background

Previous experimental and numerical studies have collectively proven that a delay of
TS-wave-induced transition may be achieved by introducing controlled disturbances
which inhibit growth of the primary instability. In the Floquet analysis of Cossu
& Brandt (2004), steady disturbances were imposed on a zero-pressure-gradient
boundary layer, chosen such that they experience maximum spatial growth. These
so-called optimal disturbances (Andersson, Berggren & Henningson 1999; Luchini
2000) are conceptualized as a spanwise series of streamwise vortices which in turn
produce streamwise streaks via the lift-up mechanism. The dimensionless spanwise
wavenumber of the optimal disturbances is β= 2πδ/λ= 0.45, where λ is the spanwise
wavelength, and δ = √νx/U∞, with x denoting the downstream distance from the
leading edge. These streaks can reach amplitudes as large as 26 % of U∞ before
secondary instabilities arise (Andersson et al. 2001). Streak amplitude may follow
several definitions; in general, it measures the steady deviation of the flow from the
two-dimensional reference boundary-layer velocity. The definition used by Andersson
et al. (2001) was the average of the maximum and minimum deviations from a Blasius
boundary layer. Cossu & Brandt (2004) showed that formerly two-dimensional TS
waves modulated by optimal streaks grow more slowly than unmodified TS waves.
A physical interpretation of this phenomenon was found in the perturbation kinetic
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energy equation. Viscous dissipation is of negative sign and thus always contributes
to energy decay. The wall-normal and spanwise production terms, u′v′(∂U/∂y) and
u′w′(∂U/∂z) respectively, may assume either sign. In a two-dimensional boundary
layer, the latter is zero as the spanwise derivative vanishes by definition. When
optimal streaks were imposed under these conditions, it was observed that u′w′ and
∂U/∂z had opposing odd symmetry about streak centrelines and thus had a net
negative contribution to the perturbation kinetic energy. It was further demonstrated
that higher-amplitude streaks have a greater stabilizing effect as a result of the higher
spanwise shear.

Experimental observation of TS-wave stabilization with boundary-layer streaks
was made by Fransson et al. (2005a). Spanwise arrays of cylindrical roughness
elements were employed to produce streaks within a flat-plate boundary layer, and
streak amplitudes of approximately 12 % of U∞ were measured in these experiments.
An instability associated with the unsteady flow in the roughness wakes prevented
higher streak amplitudes. It is recognized (White 2002; Fransson et al. 2004) that the
character of roughness-induced streaks differs from that of optimal disturbances and
that the former may be considered sub-optimal disturbances. Denissen & White (2013)
showed that roughness-induced disturbances are more effective instigators of transition
than optimal disturbances, due to the more unstable mid-wake region. Thus, optimal
perturbations may not represent the ‘worst case’ for transition. Fransson et al. (2005a)
showed that even with the streak amplitude limited to less than half of that expected
for inflectional instability of the streaks themselves, the modification of the boundary
layer was sufficient to attenuate the growth of TS waves. Spanwise-modulated TS-like
disturbances across a range of frequencies experienced lower growth rates than
their two-dimensional reference counterparts. In that experiment, growth rates were
computed by integrating streamwise–normal planes of disturbance amplitudes to
account for three-dimensionality of the TS waves.

Additionally, the disparity between TS-wave amplitudes at the apex of their growth
in the two-dimensional and streaky boundary layers increased with roughness height.
That is, comparison of TS-wave amplitudes measured in streaky boundary layers with
those measured at the upper branch of the neutral stability curve for Blasius flow
(the branch II location) demonstrates that higher-amplitude streaks more effectively
reduced the TS-wave growth rates in those experiments. Using this technique in
concert with moderate-amplitude TS waves, a substantial delay in the onset of
transition was achieved in the experiments of Fransson et al. (2006). In addition,
when broadband noise was used as an excitation source instead of single-frequency
forcing, transition was also delayed, albeit by a shorter distance.

Another experimental effort aimed at TS-wave suppression in streaky boundary
layers was conducted by Gürün & White (2005). TS waves were generated using
acoustic forcing in the free stream and two-dimensional roughness to scatter the
convected disturbances into TS wavelengths, and arrays of cylindrical surface
roughness upstream of the two-dimensional roughness provided mean-flow modulation.
The modulated boundary layer was less receptive to acoustic disturbances, and the
growth rates of unsteady disturbances were also reduced. Thus, moderate changes
to the breakdown location may be attributed to reduced receptivity of the streaky
boundary layer in those experiments.

The aforementioned experiments and simulations establish that streamwise-streak
amplitude can be optimized for stabilization purposes. Using solutions of the nonlinear
parabolized stability equations validated against direct numerical simulations (DNS),
Bagheri & Hanifi (2007) examined the effect that streak wavelength plays in TS-wave
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damping. As the optimal disturbance is one that by definition experiences the
maximum growth, suboptimally spaced disturbances were initiated with larger values
such that all streaks attained an amplitude of 10 %. For a set of such streaks with
wavenumbers 0.16 β 6 1.0, TS-wave growth rates were minimized when the steady
streaks reached their maximum amplitudes near the first neutral stability point, xI .
For the tested conditions, the most effective streaks had β ≈ 0.6. Further numerical
investigation of the control mechanism was undertaken by Schlatter et al. (2010)
via large-eddy simulations. Apart from TS waves, other types of disturbances were
imposed on the streaky boundary layer. A delay of TS-wave-dominated transition
was observed when the disturbances were single-frequency two-dimensional waves
or spanwise-invariant random noise. The streak control mechanism was not effective
in the case of oblique waves and free-stream turbulence, i.e. disturbances with
significant three-dimensional character. In that study, it was found that the streaks
were more effective when their wavelengths were longer than those of the naturally
arising secondary instability modes. While the effectiveness of high-amplitude
streaks in attenuating TS-wave growth rates was confirmed, interaction between
low-amplitude streaks (2.6–5 %) and TS waves excited the first harmonic of the
imposed streaks. A numerical stability analysis performed by Liu, Zaki & Durbin
(2008) explored the effect of streak wavelength on primary and secondary instabilities
in TS-wave-dominated transition. A key result was that while streaks of long and
short wavelength reduced TS-wave growth, they also amplified secondary instabilities
(Λ vortices). If the streaks were spaced at approximately the same wavelength as the
secondary instability, interaction between the two produced a net loss of laminar flow,
whereas detuning this interaction allowed a transition delay.

One advantage of such numerical investigations is the possibility of direct
specification of the boundary-layer streaks at the inlet of the computation domain.
Any practical application of this stabilizing mechanism will, of course, require
some physical provision to generate streaks. A conventional method of doing so
employs spanwise arrays of cylindrical surface roughness, as discussed previously. The
shortcoming of this approach is an early promotion of transition at moderate Reynolds
numbers due to instabilities associated with the unsteady wake. The high-amplitude
streaks desired for more effective control cannot be generated with such roughness.
A solution to this problem was found by Fransson & Talamelli (2012) in miniature
vortex generators (MVGs). Whereas vortex generators are usually employed for
separation control, MVGs with heights h of the order of δ99/2 were used to create
strong streamwise vorticity while avoiding the problems associated with bluff surface
roughness. It was demonstrated that the MVGs tested have Rek,crit = 547, compared
with Rek,crit=422 for cylindrical surface roughness in a similar configuration (Fransson
et al. 2005a). The importance of Rek,crit is as a measure of robustness in generating
streaks in a stable manner. For Reynolds numbers above the critical value, the onset
of transition moves sharply forward, thereby imposing a drag penalty that is larger
than in the unmodified boundary layer. This underlines the challenge of exploiting
this mechanism for drag reduction: relatively high-amplitude streaks are required
without exceeding the critical speeds or roughness heights that would promote an
early transition through a bypass mechanism. Furthermore, Rek,crit is determined
empirically and is sensitive to roughness shape and experimental set-up.

In the experiments of Fransson & Talamelli (2012), stable streaks with amplitudes
as high as 32 % were created using MVGs. The amplitude of the streaks grew sharply
in the wake of the MVGs, reached a maximum approximately 50h downstream
and decayed thereafter. The possibility of reinforcing the streaks with a second
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array of MVGs offers a tenable solution to the problem of maintaining a streaky
base flow. Building upon this work, Shahinfar et al. (2012) tested the efficacy of
MVGs for delaying TS-wave-induced transition. A substantial delay in the onset of
transition was achieved and the transitional Reynolds number was at least doubled.
The eventual transition location in the controlled case was not specified since it took
place downstream of the measurement region. Drag due to skin friction was estimated
from velocity profile measurements and revealed at least a 22 % improvement over
unmodified flow. Although not optimized for transition control, the MVGs were
sensibly chosen. The streak amplitudes reached their maxima near the lower branch
of the neutral stability curve for Blasius flow, xI (the branch I location), and had
β = 0.30. It is that study and the recent works of Shahinfar et al. (2013) and
Shahinfar, Sattarzadeh & Fransson (2014) in particular which have prompted the
present work.

The effectiveness of spanwise arrays of roughness and MVGs for transition delay
has been convincingly demonstrated in experiments and numerical analyses, and an
explanation for the stabilizing mechanism has been given (Cossu & Brandt 2004). In
the present work, a regularly patterned and aerodynamically simple type of surface
roughness is developed and its potential for modifying TS-wave-induced transition is
tested. Rather than exploiting the lift-up mechanism to produce streamwise streaks, the
boundary layer is modulated directly by introducing spanwise periodicity to the wall.
This is accomplished with humps elongated in the streamwise direction, and arrayed
regularly in the spanwise direction. The requisite spanwise shear (∂U/∂z) is introduced
and destabilization related to roughness wakes is minimized. As opposed to MVGs,
the roughness has a constant cross-section shape, except where the leading and trailing
edges are smoothly ramped to the plate surface. The shape also avoids the sharp edges
found in arrays of cylindrical roughness, in an effort to reduce the influence of wake-
related instability on the flow. The design of this regularly patterned field of surface
features is advantageous for the immediate purpose of these experiments, and is also
attractive from a practical view. Such a shape is amenable to manufacturing; it could,
for instance, be stamped into the aluminium skin of an aircraft wing. In addition, the
shape of the roughness is chosen to give some insight into the nature of the stabilizing
mechanism, by modulating the mean flow without producing the strong streamwise-
oriented vortices that accompany more conventional surface roughness elements.

The similarity of this surface with riblets must be considered. A wide body of
research exists concerning the application of riblets for drag reduction in turbulent
boundary layers. The cross-section shape of riblets is typically triangular, with
optimal drag reduction achieved with spacing s+ ≈ 16 in viscous wall units and
height h ≈ 0.5s (Bechert et al. 1997). Here, s+ = s(

√
τw/ρ)/ν, where τw is the wall

shear stress and ρ is the density. For commonly encountered conditions, riblet heights
and wavelengths are in the sub-millimetre range. Conversely, the roughness designed
for transition delay using the streak stabilization method typically has λ/h> 10, with
h of the order of 1 mm. It is well-established that riblets do reduce skin-friction drag
in turbulent boundary layers. The effect of riblets on turbulent boundary-layer flow is
described in detail by García-Mayoral & Jiménez (2011b). The concept of different
virtual origins for streamwise and spanwise flow components accounts for drag
reduction by impeding turbulent mixing of streamwise momentum near the wall. As
riblet size is increased, drag also increases due to formation of rotating flow structures
aligned in the spanwise direction which are susceptible to a Kelvin–Helmholtz-like
instability. Additionally, García-Mayoral & Jiménez (2011a) note that riblet-aided
watercraft have been successful in some sporting events but the contribution of the
riblets cannot be quantified.
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Several investigations of riblets’ effect on stability and laminar–turbulent transition
have been completed. The experiments of Ladd et al. (1993) focused on natural
transition and found that riblets applied to a flat plate enhance transition when Rek> 6.
Luchini & Trombetta (1995) performed simulations and a stability analysis which
showed that TS-wave growth rates were increased over the grooved riblet surface,
and attributed this to the increased flow rate between riblets. A comprehensive
experimental investigation of the stability of zero-pressure-gradient boundary layers
in the presence of riblets was performed by Grek et al. (1995) and Grek, Kozlov
& Titarenko (1996). In the former, streamwise vortices were created upstream of
the riblets with an array of roughness elements. The riblets effectively suppressed
the streamwise vorticity and the flow was more spanwise uniform. The latter series
of experiments focused on interactions between artificially excited TS waves and
riblets in a laminar boundary layer. The TS-wave growth rates were increased over
the riblet surface, in agreement with earlier experiments. However, the formation of
turbulent spots further downstream was inhibited by the presence of riblets. Klumpp,
Meinke & Schröder (2010) performed simulations of a similar flow configuration
and observed that there was no significant change in transition location with riblets.
The detailed measurements of Litvinenko et al. (2006) showed that riblets can
prevent the formation of turbulent spots from Λ vortices, and the DNS of Strand &
Goldstein (2011) showed that when turbulent spots are formed, the spreading angle
is constrained by riblets. Thus, although riblets participate in the development of
primary and secondary instabilities in flat-plate boundary layers, their net effect on
transition is not large in most circumstances.

Surface patterns other than riblets have been used to modify boundary-layer
flows. Random, distributed surface roughness can increase TS-wave growth rates
by enhancing the three-dimensionality of the waves (Corke, Bar-Sever & Morkovin
1986) and appears to accelerate the onset of secondary instability. Nugroho, Hutchins
& Monty (2013) demonstrated that spanwise periodicity may be imposed on a
turbulent boundary layer with riblet plates of opposing oblique angles which form a
‘herringbone’ pattern. Surface features on a larger scale have been tested by Zverkov,
Zanin & Kozlov (2008). A wing with a spanwise-wavy surface was designed for
separation control and it was observed that separation was prevented on the peaks,
but promoted in the valleys. The flow was presumably stabilized by the favourable
pressure gradient over the peaks. In the valleys, however, inflectional velocity profiles
and amplified high-frequency disturbances were observed. Similar surface features
can also appear in practical scenarios. Garzon & Roberts (2013) described a test
aircraft in which sealant deterioration on the wing produced a surface wave which
destabilized the boundary layer, leading to an earlier transition. Thus, the scale and
shape of surface features broadly classified as roughness, as well as the character of
the flow, clearly influence the effect of roughness on boundary-layer flows. Although
the complicated nature of the interaction prevents simple correlations, it admits the
possibility that sensibly chosen roughness can exploit known stabilizing mechanisms.

Apart from steady streaks induced by discrete surface features or roughness,
qualitatively similar deformations to mean flow in two-dimensional boundary
layers can result from Görtler vortices. Arising from a centrifugal instability in
boundary-layer flow over concave surfaces (Saric 1994), these streamwise vortices
can also interact with TS waves in significant ways. It has long been recognized
that boundary-layer stability may be affected by spanwise variations in mean flow
due to Görtler vortices (Nayfeh 1981). The triple-deck analysis by Hall & Bennett
(1986) demonstrated that TS waves and Görtler vortices may interact in a manner
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such that the former increases the growth rates of the latter, when the TS waves have
large wavenumbers. An early analysis of TS wave and Görtler vortex interaction was
undertaken by Nayfeh & Al-Maaitah (1988), who generalized their approach to a
generic series of streamwise vortices. Although limited to small-amplitude TS waves
which do not influence Görtler-vortex growth rates, it was observed that these vortices
increase TS-wave growth rates at low frequencies (F = 25–55). These results were
complemented by those of Bennett & Hall (1988). That study showed that although
small-amplitude Görtler vortices could act to further increase growth rates of unstable
TS waves, there was little change to the evolution of neutral TS waves. Further
numerical investigations have shown increased growth rates for oblique TS waves
when their wavelengths are half those of the Görtler vortices (Malik & Hussaini
1990). The simulations of Mendonça, Morris & Pauley (2000) are more relevant to
the present work, in that Görtler vortices and TS waves of comparable amplitudes
are investigated and found to strongly interact. Importantly, TS-wave damping is
observed when mean-flow distortion and Görtler-vortex amplitudes grow to values of
the order of 0.01U and 0.1U, respectively. This phenomenon is also observed when
the mean-flow distortion mode is not affected by interactions of Görtler vortices
and TS waves. When the Görtler-vortex growth rates are maximized (with spanwise
wavenumber β = 0.5), TS-wave damping is likewise maximized. Although transition
was not modelled in that work, rapidly growing harmonics were construed as a
precursor to transition advanced by amplified Görtler vortices. In the context of the
present work, however, it seems that amplification of moderate- to large-amplitude
TS waves can falter in the presence of significant spanwise variations in mean flow
arising in different ways.

With this knowledge in hand, the present experiments use a regularly patterned
field of surface roughness to influence the stability of a quasi-zero-pressure-gradient
boundary layer. The roughness bears some resemblance to riblets, but the height,
cross-section and spanwise spacing are selected based on the success of roughness
used to generate streaky boundary layers for control of streamwise instabilities.
TS waves are forced to create a well-controlled, phase-triggered disturbance
for the purpose of a careful quantitative study. Although these disturbances are
somewhat unrealistic, that TS waves of random phase were measured in flight over
a two-dimensional wing by Peltzer (2008) indicates that they are an important facet
of natural transition. Receptivity of background disturbances, however, will play
a role in the transition process. Forcing strong disturbances defers the question
of natural receptivity. Growth of the primary instability is measured to assess the
effect of streamwise roughness on boundary-layer stability, while transition location
measurements provide a practical metric of passive control efficacy.

3. Experimental method

The zero-pressure-gradient flat-plate boundary layer is a prototypical platform of
stability experiments. Many of the techniques on which the present work relies were
validated in previous experiments. The facility utilized is the minimum-turbulence-
level (MTL) wind tunnel at KTH Royal Institute of Technology, and meets the
recommended criteria for stability experiments (Reshotko, Saric & Nagib 1997). The
wind tunnel forms a closed circuit, and is temperature-controlled. The test section is
7 m long with a rectangular cross-section of 1.2 m × 0.8 m. A full account of the
most recent flow-quality measurements was given by Lindgren & Johansson (2002).
The key points are that the streamwise and transverse turbulence intensities are less
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than 0.025 % and 0.035 %, respectively, at relevant test speeds, with static pressure
fluctuations p′ 6 ±0.06 %. The free-stream turbulence intensity in the test section
is close to that of the low-turbulence flight environment (Riedel & Sitzmann 1998).
Even though the scale and frequency-domain distribution of wind-tunnel free-stream
disturbances are distinct from those of an atmospheric free stream, the development
of disturbances leading to transition in the boundary layer is expected to qualitatively
represent that which could be observed in flight. That is, the low-intensity free-stream
turbulence will not significantly affect instability growth or transition due to forced
TS waves. Given the ease with which environmental conditions may influence the
transition process, a detailed description of the experimental set-up is warranted.

3.1. Experimental set-up
The boundary layer of the present experiments develops on a 6.2 m long flat
aluminium plate which spans the 1.2 m width of the test section. The 160 mm
long asymmetric leading edge is designed to reduce the size of the pressure recovery
region, facilitating a rapid return to zero-pressure-gradient flow. A 1.5 m long hinged
trailing-edge flap is used to place the stagnation location on the test side of the plate.
To allow access by the probe traversing system, the plate is suspended horizontally in
the test section at a unit height of 0.30. This location is also sufficiently far from the
centreline, where nodes of large-scale rotational motion may exist (Saric 2007). The
externally mounted traversing system positions hot-wire probes in an approximate
measurement volume (x, y, z) of 4500 mm × 150 mm × 145 mm with precision of
the order of microns, where these coordinates denote the streamwise, wall-normal,
and spanwise directions respectively. In the present experiments, all boundary-layer
measurements are made using hot-wire probes whose sensing elements have length
0.7 mm and diameter 2.54 µm, with overheat ratios set to 1.5. Temporal response
rates are consistently in the vicinity of 30 kHz. The probes are calibrated in the
wind-tunnel stream using the modified version of King’s law from Johansson &
Alfredsson (1982), across the range 0–18 m s−1.

A boundary layer formed in the absence of a streamwise pressure gradient has a
well-understood and defined solution. It is also a singular test point, the figurative
watershed of viscous instability growth. In practice, attaining this condition requires
some care. Six jointed panels comprise the test section ceiling and fine adjustments
of threaded mounts allow iterative tailoring of the streamwise pressure gradient.
Although the desired accuracy in measuring the pressure gradient precludes direct
measurement with manometers, boundary-layer velocity measurements are sufficient.
Using a reference pressure and velocity with an application of Bernoulli’s law leads
to an expression for the coefficient of pressure as Cp = 1 − (Ue/U∞)2, where Ue is
the boundary-layer edge velocity. A more sensitive indicator of the pressure gradient
is comparison of the boundary-layer shape factor, H = δ∗/θ , to its theoretical value
for a zero-pressure-gradient boundary layer: H = 2.591, where δ∗ and θ are the
displacement and momentum thicknesses. Experimental measurements of this quantity
are obtained from velocity profiles via numerical evaluation of the respective integral
relations for δ∗ and θ .

These quantities are measured at the primary test speed of U∞ = 12 m s−1 and
plotted in figure 1. The pressure rise and subsequent recovery associated with the
leading edge of the plate are evident in figure 1(a), followed by a long region of
approximately zero-pressure-gradient flow from x= 300 to 3200 mm. The boundary-
layer integral quantities are normalized with δ and plotted with the shape factors in
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FIGURE 1. Mean flow characteristics at U= 12 m s−1. (a) Pressure distribution computed
as 1 − (Ue/U∞)2. Dashed lines mark Cp = ±0.005. (b) Measured values of H (•) with
normalized δ∗ (H), and θ (�). Error bars represent the standard error of the mean from
measurements at five spanwise locations. A solid line marks the theoretical value of H=
2.591. For m=−0.003, the theoretical values δ∗/δ= 1.74 and θ/δ= 0.67 are also marked
with solid lines. (c) Dimensional values of δ∗ (H) and θ (�) with theoretical zero-pressure-
gradient values adjusted for a virtual origin at x= 44.5 mm.

figure 1(b). Curve fits to measured δ∗ and θ are optimized using a virtual leading edge
location of xvle = 44.5 mm, which is then used to adjust theoretical values of δ. The
corresponding dimensional values are plotted in figure 1(c). The mean shape factor is
H = 2.60 and the corresponding Falkner–Skan parameter is m=−0.003, indicating a
weakly adverse pressure gradient. These values confirm that a suitable test condition is
attained. Toward the end of the measurement domain, the shape factor values begin
to decrease in advance of the onset of transition. In the present conditions, natural
transition is observed between x = 3200 and 3300 mm, giving a Reynolds number
based on transition location Rex,tr = 2.6× 106.

The basic-state flow is modulated in the spanwise direction using a regular pattern
of elongated humps. This roughness pattern is not unlike that of riblets though
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FIGURE 2. Schematic drawings of (a) cross-section view of the surface roughness and
(b) the experimental flat-plate set-up. All dimensions are in mm, not to scale.

[k|λ|L] (mm) β Rek,LE Rek,TE

[1|7.5|250] 0.51 424 318
[1|10|250] 0.38 424 318
[1|15|250] 0.26 424 318
[1|15|480] 0.26 424 269
[1|20|250] 0.19 424 318
[1|30|250] 0.13 424 318

TABLE 1. Summary of roughness patterns tested. For all configurations, x0 = 300 mm
and U∞ = 12 m s−1.

the scale and cross-section shape vary significantly in comparison. Rather than the
triangular cross-sections which are common in riblet designs, the roughness elements
of the present experiments present hemispherical caps to the oncoming flow. The
roughness is shown schematically in figure 2(a). The spanwise width and height
of the roughness are held constant at s = 6 mm and k = 1 mm respectively. The
wavelength λ and streamwise length L are varied in these experiments. The shorthand
notation [k|λ|L] (in mm) is used to specify roughness configurations. The physical
roughness elements are cast in a tin alloy and attached directly to the plate using
spray adhesive. The leading and trailing edges of the roughness are linearly ramped
from the plate surface to k over a length of 10 mm. The humps are placed with their
axes parallel to the incoming flow, with the leading edges at x0= 300 mm relative to
the physical leading edge of the plate.

The spanwise wavelength of the roughness pattern is varied using the same
roughness elements. That is, λ/s is not constant in these experiments. For a test speed
of U∞ = 12 m s−1, the theoretical zero-pressure-gradient value of the boundary-layer
thickness at the leading edge of the roughness pattern is δ = 0.61 mm. For this
roughness shape, λmin = 6 mm and thus βmax = 0.64. A summary of configurations
tested is given in table 1. In this table, the Rek values are specified at the leading and
trailing edges of the roughness. The dimensionless spanwise wavenumbers comprise
a range including that of the optimal disturbance (β = 0.45) and the β = 0.30
MVG array used by Shahinfar et al. (2012). The roughness height and test speed
are chosen to produce moderate deformation of the mean flow, while avoiding a
bypass-type transition. This experimental set-up is depicted in figure 2(b). Upstream
of the roughness pattern, a thin slot is used to excite controlled unsteady disturbances.
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3.2. Controlled unsteady disturbances
While the ultimate goal of this flow control research is to develop a method to delay
the onset of naturally arising transition, the present experiments are an intermediate
step in which transition is forced with controlled disturbances. The utility of doing
so is twofold: measurements of the primary instability can be phase-locked with
the disturbance source, and disturbance growth and transition location are more
repeatable. These qualities are a significant benefit to the experimentalist and, in
controlling the disturbance conditions, the results become less dependent on the
natural free-stream signature of this particular wind tunnel. The importance of
generating precisely controlled disturbances in stability and transition experiments
is reviewed by Gaponenko & Kachanov (1994). In that work, three methods of
introducing controllable disturbances at specific frequencies with minimal mean-flow
influence are described. One of these methods employed loudspeakers to drive periodic
flow through a thin slot in the wall, with amplitudes as high as 0.10U. This system
was used in subsequent experiments as reported by Bake, Kachanov & Fernholz
(1996) and Bake, Fernholz & Kachanov (2000).

Using this disturbance-generation concept, a forced perturbation at a single
frequency effectively excites the TS waves that are the focus of this study. To
do so, periodic suction and blowing through a thin slot in the plate at xTS = 190 mm
is achieved using an array of loudspeakers. Six loudspeakers are connected to the
slot through 40 plastic tubes spanning the width of the slot. A signal generator
produces the sine-wave input that is amplified to drive the loudspeakers, which have
impedances of 8 � and are rated at 100 W. The specific disturbance-generating
system in this work has been used in previous experiments, most recently including
those by Fransson et al. (2005a) and Shahinfar et al. (2013).

A few different configurations are tested, but the primary results reported here are
limited to a test speed of U∞ = 12 m s−1 with a forcing frequency f = 152 Hz. The
non-dimensional frequency is then F=2πf ν×106/U2

∞=100. In the context of neutral
stability of the zero-pressure-gradient boundary layer, this arrangement of roughness
and forcing is depicted in figure 3. The location of the disturbance slot in terms of
R=√Rex is shown as the solid vertical line. Periodic forcing in the boundary layer
can also excite stable disturbances (Saric 2007), and a relaxation distance of 10δ99
is marked as the vertical dashed line. The streamwise extent of the two roughness
types tested is represented by horizontal lines. Taken together, this figure shows that
TS waves are excited a short distance upstream of the first neutral stability point so
that their initial decay is minimal. Shortly after these disturbances begin to grow, the
flow encounters the surface roughness pattern intended to modulate the mean flow and
attenuate TS-wave amplification. Finally, the shorter roughness field (L = 250 mm)
ends a short distance upstream of the second neutral stability point, xII , unlike the
longer field with L = 480 mm. These parameters are chosen to study the effect of
surface modulation on growth rates of TS waves.

A nominally two-dimensional disturbance (i.e. spanwise invariant) is forced using
a source which is finite in z and driven by an array of loudspeakers. Velocity-profile
measurements at many spanwise locations separated by spanwise steps of 1z= 1 mm
indicate that the mean flow and TS-wave amplitude are sufficiently uniform across
the span of the measurement region. The velocity contours of figure 4 illustrate the
spanwise-invariance of the flow upstream of the roughness field. Iso-velocity contours
of the mean flow in increments of 0.1U∞ are plotted in figure 4(a), together with
the spanwise-average velocity profile. Additionally, contours of the fluctuation velocity
in the TS-forcing band display a similar degree of uniformity in figure 4(b). The
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FIGURE 3. Neutral stability curve for zero-pressure-gradient boundary layer. The
streamwise extent of the roughness pattern is plotted at the non-dimensional forcing
frequency F = 100 for [1|λ|250] mm roughness (——) and [1|15|480] mm roughness
(-·-·-). The location of the disturbance source is represented by the solid vertical line. The
dashed vertical line is 10δ99 downstream.

spanwise-averaged TS-wave amplitude profile follows the theoretical shape with a high
inner peak and smaller outer peak near y/δ = 5. As the amplitude of the forced TS
waves does not significantly vary across the span, reference measurements are made
at a single spanwise location.

The amplitude of the TS waves is adjusted by varying the loudspeaker input
voltage, V . Although a useful measure for repeating measurements, loudspeaker
voltage is of little practical use. Rather, the TS-wave amplitude measured at xI or xII

are more appropriate metrics. Herbert (1988) notes that a local maximum amplitude of
1 % (streamwise root-mean-square (r.m.s.) fluctuation) separates TS waves that decay
from those that foster fundamental secondary instabilities and three-dimensionality.
Conversely, resonant interaction among fundamental two-dimensional waves and
oblique subharmonic waves is observed at amplitudes less than 0.1U by Borodulin,
Kachanov & Koptsev (2002b). In the present experiments, the TS-wave amplitude
is computed from frequency-band integration of u′ in the range fTS ± 1f , with
21f = 5 Hz. That is, the power spectra of u′ are computed and normalized according
to Parseval’s theorem (Press et al. 2007). The energy associated with the TS wave is
then

ETS(x, y, z)=
∫ fTS+1f

fTS−1f
PSD(u′)df . (3.1)

The normalized TS-wave amplitude is computed as follows, recognizing that for a
sinusoidal signal, the amplitude and the r.m.s. are related by a factor of

√
2,

ATS(x, y, z)=
√

2ETS(x, y, z)
U∞

. (3.2)
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FIGURE 4. (Colour online) A spanwise slice of the boundary layer is measured at x =
275 mm (R = 469), with U∞ = 12 m s−1, F = 100. This is 84 mm downstream of the
disturbance slot and 25 mm upstream of the roughness elements. (a) Contours of the
steady velocity (left) and mean velocity profile (right). (b) Contours of TS-wave amplitude
(left) and spanwise-mean disturbance profile (right). Points in profiles are measured data.
The solid line is the theoretical profile of a two-dimensional TS wave in a Blasius
boundary layer at the conditions of the experiment.

Since the shape of the TS-wave amplitude profiles is modified when the mean flow
is distorted (Fransson et al. 2005a), the maxima in y often used as the amplitude in
the streamwise direction may underestimate the strength of the TS wave. As such,
integrating the profiles in the wall-normal direction using the Blasius coordinate
η = y/δ results in a more representative value of the amplitude. Furthermore, the
profiles are also integrated in the spanwise direction to account for variations due to
mean-flow modulation and secondary instability, using the dimensionless coordinate
ζ = z/λ. This integrated TS-wave amplitude is then

Aint
TS(x)=

∫ 1/2

−1/2

∫ η=9

0
ATS(x, y, z)dηdζ . (3.3)

Using this definition of TS-wave amplitude, reference measurements are made
over a smooth plate. In doing so, the data-acquisition system is phase triggered
using the loudspeaker input signal. At every point in space, four sets of 3 s long
measurements are sampled at 5 kHz and the TS-wave amplitude is computed using
a frequency-domain average of the sets. The TS-wave amplitudes measured at xI
and xII are tabulated with the loudspeaker forcing voltages for reference in table 2.
For comparison with earlier literature, r.m.s. amplitudes are also given, though the
discussion in the present work is limited largely to integrated amplitudes. Disturbance
amplification is computed as ln(Aint

TS/A0), where A0 is the integrated amplitude of
the disturbance at the first streamwise measurement position. For several forcing
amplitudes, the resulting amplification curves of figure 5 depart from linearity at
larger values. Up to a branch I amplitude of Aint,I

TS = 1.1 %, these growth rates are
nearly coincident and, thus, do not depend on the forcing amplitude. For values
above this, the TS waves become three-dimensional and the growth curves do not
collapse on those of the two-dimensional TS waves. For this divisive test cast, the
corresponding branch II amplitude is Aint,II

TS = 3.7 % and the local maximum value is
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FIGURE 5. TS-wave growth curves measured using several forcing amplitudes at U∞ =
12 m s−1, F= 100. The initial amplitudes are Aint,I

TS = 0.18 % (�), 0.38 % (•), 0.48 % (N),
0.78 % (H), 1.11 % (♦), 1.57 % (B), 1.97 % (C), 2.59 % (+), 3.20 % (∗). The solid line
results from linear stability theory calculations of two-dimensional TS waves in a zero-
pressure-gradient boundary layer at U∞= 12 m s−1, F= 100, and is based on the integral
measure of TS-wave amplitude.

1.41 %. Removing a factor of
√

2 produces the expected equivalent r.m.s. value of
1 %. For comparison, the growth curve for a two-dimensional TS wave with F= 100
is also included in figure 5. This growth curve is computed using linear stability
theory for a zero-pressure-gradient boundary layer at U∞ = 12 m s−1, and is shifted
in x by the virtual leading edge location. It is further noted that while this represents
a strictly two-dimensional TS wave, the measured disturbances have a small degree
of three-dimensionality. This theoretical curve is characterized by a slightly higher
amplification ratio. The sensitivity of TS waves to small pressure gradients near
branch I is well-known, and the initial development of the mean flow observed
in the upstream region of figure 1(a) deviates significantly from the theoretical
assumptions. As such, the discrepancy between theory and the present experiments is
not unexpected. For the purpose of a relative study of TS-wave development, this set
of basic disturbances is suitable.

To examine the interaction between linearly growing TS waves and modulated mean
flow due to the surface roughness pattern, the forcing amplitude is set such that the
maximum r.m.s. at xII is 0.53 %, corresponding to the Aint,I

TS = 0.48 % case of figure 5.
This produces well-resolved amplitude profiles while avoiding the complications of
secondary instabilities in the reference case. The effect of three-dimensionality of the
TS waves is also tested using the larger forcing amplitudes of figure 5.

4. Roughness-induced effects
The present work is concerned with development of TS waves in modulated flows,

their role in the transition process and the potential for delaying transition. Due to
the novel nature of the surface roughness field, it is worthwhile to consider first
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V (mV) Aint,I
TS /U∞ (%) Arms,I

TS /U∞ (%) Aint,II
TS /U∞ (%) Arms,II

TS /U∞ (%)

50 0.182 0.040 0.675 0.183
100 0.384 0.081 1.437 0.369
150 0.482 0.113 1.857 0.531
200 0.775 0.165 2.807 0.737
300 1.113 0.223 3.677 1.000
400 1.569 0.334 4.501 1.416
500 1.971 0.421 4.604 1.570
650 2.591 0.553 4.975 1.271
800 3.195 0.687 5.940 1.808

TABLE 2. Comparison of normalized TS-wave amplitudes measured at the neutral stability
points. Integrated amplitudes are computed using (3.3). Arms

TS values are maxima of
ATS(y)/

√
2 profiles, and are approximately equivalent to the u′rms,max measure common in

the literature.

how the mean flow is deformed. Changes to the evolution of TS waves may be
better understood in the context of mean-flow modifications. The results return to
the motivating phenomenon: altering the laminar-to-turbulent transition location via
regularly patterned surface features. The role of unsteady disturbance characteristics is
further examined by adding moderate deviations to the forcing frequency. Finally, the
results conclude with a comparison of estimated skin-friction drag due to roughness
and boundary-layer transition.

4.1. Mean-flow modification
As discussed previously, the surface roughness pattern is intended to introduce
spanwise shear to the mean flow while minimally affecting the boundary layer
otherwise. It is known that high-amplitude streaks in the far wakes of roughness
elements are subject to secondary instabilities, and that for large Rek, instability in
the near wake amplifies unsteady fluctuations that rapidly incite transition (Ergin &
White 2006). Thus, it is important to investigate the flow topology over the roughness
pattern and in its wake. A common difficulty in boundary-layer measurements
with hot-wire probes is location of the wall in traverse coordinates. To avoid
erroneous measurements of the quantity resulting from roughness-deformed velocity
profiles (White & Ergin 2004), wall-location measurements are made before the
roughness is installed. The accurately known roughness shape and smooth-wall
locations are incorporated into the probe-traversing algorithm to allow measurement
of boundary-layer velocity profiles on the surface and in the near wakes of the
roughness field. To ensure probe safety, the probe is never moved closer to the
surface than 0.25 mm.

Measurements of the mean flow in the presence of the surface roughness are made
concurrently with moderate-amplitude TS waves. The TS-wave amplitudes are small
enough that they do not affect the mean flow, but decay downstream of branch II.
To assess the character of the flow within the boundary layer, contours of the shape
factor H highlight deviations from the basic state of the mean flow. Considering the
flow measured with three different roughness wavelengths in figure 6, a few key
characteristics may be discerned. In this figure, outlines of single roughness elements
are shown for reference, though the plots are stretched significantly in the z direction
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FIGURE 6. (Colour online) Contours of boundary-layer shape factor, H. The
flow conditions are U∞ = 12 m s−1, F = 100 with (a) [1|7.5|250] mm roughness,
(b) [1|20|250] mm roughness, and (c) [1|30|250] mm roughness.

for clarity. As such, the leading and trailing edges of the roughness appear more blunt
than their physical counterparts. Recalling that the mean basic-state H value is 2.60,
it is observed that flow over the surface of the roughness produces lower values of H,
particularly near the leading edges of the roughness. This indicates that rather than a
simple vertical displacement, the boundary layer is squeezed as the flow climbs onto
the roughness. This is manifested as an accelerated velocity profile. Conversely, the
trailing edges of the roughness are characterized by profiles which appear decelerated,
as the roughness surface drops away under the previously accelerated profiles. The
flow appears to recover to a large degree by x = 600 mm, or 50k downstream of
the trailing edge. In figure 6(a), the roughness pattern with the shortest wavelength
is shown: λ = 7.5 mm, or λ/s = 1.25. In this case, flow in between the roughness
is restricted by the small interstitial gaps, as evident in the high-H profiles on the
flanks of the roughness. For this configuration with low-amplitude TS-wave forcing,
the flow is comparatively unstable. The drop in H to approximately 1.8, which is
closer to the value of 1.4 expected of developed turbulent velocity profiles, indicates
transition near x= 900 mm.

Lateral asymmetry of H contours in figure 6 is observed on the long edges
of the roughness, particularly near the trailing edges. This appears to result
from misalignment between the flow direction and roughness axis. Detailed flow
measurements in an empty test section (Lindgren & Johansson 2002) show that
flow angularity is 0.1◦ or less in the region of the test section relevant to these
measurements. Roughness elements are aligned perpendicularly with the plate leading
edge. The observed spanwise misalignment is small: less than 0.6 mm in the spanwise
direction over the L = 250 mm roughness length, as the probe never collided with
the roughness despite close approaches on both sides of roughness surface. In the
case of the shape-factor measurements of figure 6 in which the boundary-layer wall
locations are shifted by the roughness shape, a displacement of the roughness 0.2 mm
in the positive ζ direction can produce a wall-location error sufficient to explain the
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FIGURE 7. (Colour online) Contours of the mean velocity at U∞ = 12 m s−1, F = 100
with k = 1 mm, L = 250 mm roughness with wavelength λ = (a) 7.5 mm, (b) 10 mm,
(c) 15 mm, (d) 20 mm, (e) 30 mm. Measurements are made at x= 500 mm.

asymmetry. That it, these measurements indicate that the angle between the flow
direction and the roughness axis is approximately 0.05◦.

Examining the structure of the flow in streamwise planes confirms the shape-
factor-based observations. For most of the experimental configurations, y–z planes
are measured at many streamwise locations and a collection of such planes measured
at x = 500 mm is shown in figure 7. The mean streamwise velocity is displayed as
iso-velocity lines in increments of 0.1U∞ and also as colour contours. The spanwise
extent of each plot is −0.56 ζ 6 0.5, and the plots are scaled to the same physical
dimensions. This streamwise location is 0.8L toward the end of the roughness pattern.
Flow over the roughness has developed from the disturbances associated with the
leading edge of the roughness. The closely spaced contour lines near the peak of
the humps indicate that the boundary layer is compressed somewhat in the vertical
direction. Rather than a direct modulation of the boundary layer, the flow appears
somewhat elastic in the sense that the presence of the hump is not felt as strongly
high in the boundary layer. Indeed, in figure 7(a), the top-most contour line is
approximately flat. Conversely, for the longest wavelength in figure 7(e), there are
large outboard regions of apparently unperturbed flow. As the intent is to produce
spanwise shear in the mean flow, these two cases form brackets around the optimal
λ/s in a flow deformation sense.

To examine the wake regions in greater detail, the [1|15|250] mm pattern is
considered and a finely resolved x–z plane of velocity measurements is made at
η = 1.2, or U/U∞ = 0.4 for Blasius flow. This so-called plane is not parallel to
the plate as it follows the boundary-layer growth. The contours of figure 8(a) span
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FIGURE 8. (Colour online) Boundary-layer measurements at height η = 1.2, with U∞ =
12 m s−1, F= 100. The trailing edge of the [1|15|250] mm roughness is at xTE= 550 mm.
(a) Contours of mean flow, and (b) amplitudes of spanwise components of mean flow:
λ (——), λ/2 (-·-·-), λ/3 (——, grey), and λ/4 (- - -). The onset of turbulent flow, defined
as 50 % intermittency, is marked with a vertical dashed line.

three roughness wavelengths with roughness centrelines at ζ =−1, 0, 1, and extend
from the near wake of the roughness to the beginning of the transitional region.
At the left-hand edge of this plot, the decelerated regions in the near wakes of
the roughness are visible. As the flow progresses downstream, lower-speed regions
evolve between the roughness elements. Although the far wakes do not develop
strong high-speed streaks, this pattern of mean-flow modulation is not unlike that of
the roughness-induced disturbances driven by streamwise vorticity. In this case, the
magnitude of the mean-flow variation is relatively small.

A spectral analysis of the velocity contours of figure 8(a) is presented in figure 8(b).
Briefly, the steady disturbances U′(x, y, z) = U(x, y, z) − Uz(x, y) are computed at
each x location where Uz is the spanwise average of U. Spanwise spatial power
spectra PSDz(Uz) are estimated using squares of the Fourier coefficients of U′ and
normalized such that the sum of the λ-mode and its harmonics is equal to the
square of the spanwise r.m.s. of U′. The plotted amplitudes are then Az = √2PSDz.
Streamwise development of the mean-flow disturbance with λ and its first three
spanwise harmonics is computed and shows that all modes except the fundamental
decay rapidly. The λ-mode, however, initially decays sharply as the flow recovers from
the near wake before growing as the areas of low-speed flow develop downstream
of the interstitial spaces. A region of increased growth is observed beginning near
x = 1200 mm. As the boundary layer becomes turbulent, increased mixing destroys
spatial periodicity in the mean flow and the λ-mode decays. The streaks in the mean
flow are relatively weak at less than 10 % of U∞, and secondary instability of the
streaks is unlikely. That is, transition appears to result from controlled excitation of
TS waves as intended.

4.2. TS-wave growth and transition
A study of how low-amplitude TS waves develop is useful as disturbance growth
in the reference case remains two-dimensional throughout the region of interest.
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Furthermore, relative growth rates are largely unchanged for small initial amplitudes
(as in figure 5), facilitating a quantitative comparison. The reference case is labelled
Aint,I

TS = 0.48 % in figure 5. The corresponding branch II maximum r.m.s. is 0.53 %
of U∞, which is approximately half that needed for secondary instability. The
same forcing amplitude is applied to boundary layers in which the patterned
surface roughness is deployed. Streamwise fields of TS-wave amplitude show that
two-dimensionality of the TS waves is disrupted by the modified mean flow, as in
figure 9(a). In these contour plots, which represent the same location and conditions
as figure 7, the solid lines are constant TS-wave amplitude. The colour contours
are also mapped to TS-wave amplitude. For reference, selected TS-wave profiles
in figure 9 illustrate how the shape of three-dimensional waves differ from the
two-dimensional reference case.

The closely spaced roughness pattern of figure 9(a-i) promotes TS-wave growth on
the peak of the roughness and on the flanks, as indicated by the three high-amplitude
spots in the contour levels. Comparing profiles of the TS-wave amplitude with the
reference case, the maxima are approximately twice as high in the modulated case.
As the wavelength is increased and the mean flow is deformed less harshly, the
effect on TS-wave amplitude becomes favourable. The same three local maxima
are observed, but those on the flanks of the roughness are less pronounced than in
the short-wavelength case. Similarly, the portion of the TS wave travelling over the
ridges of the roughness become less intense as the flow in the interstitial spaces is less
constrained by neighbouring roughness. Likewise, the amplitude profiles show similar
reductions in intensity relative to the reference case. In figure 9(a-iv), the TS-wave
amplitude profile on the roughness peak is approximately the same as the reference
case, but displaced vertically. The amplitudes are reduced elsewhere. For λ< 15 mm
and λ = 30 mm and, TS waves travelling over roughness peaks are amplified to
a greater degree than in the reference case. However, as roughness wavelength (or
opening width) is increased, TS-wave amplitudes are still slightly reduced in the open
spaces below reference-case values. In the widest-opening case, increased disturbance
growth and less-effective control compared with shorter wavelengths is related to
local amplification of TS waves over the roughness surface.

Moving downstream to x= 700 mm, which is past xII and 150 mm downstream of
the roughness pattern, the lingering influence of the roughness on TS-wave growth is
illustrated by figure 9(b). When the roughness is closely spaced as in figure 9(b-i),
its influence is detrimental to flow stability. The flow is becoming transitional and the
TS-wave amplitudes are several times that of the reference case. The wider spacing of
figure 9(b-ii) is a marked improvement. The unsteady disturbances are slightly larger
than those of the unmodified boundary layer. The centreline TS-wave profile follows a
distinctive M-shape which has been observed previously in modulated boundary layers
(Fransson et al. 2005a; Shahinfar et al. 2013). Following this trend, wider spacing of
the roughness pattern produces lower TS-wave amplitudes at this streamwise location
until λ= 30 mm in figure 9(b-v). In this case, larger disturbances are observed in the
outboard regions, apparently due to disturbance growth in the wide interstitial spaces.
Of particular interest is the distribution of amplitudes when λ= 20 mm in figure 9(b-
iv). A typical M-shaped profile is observed, but perhaps more telling is the spanwise
symmetry of the disturbances. This indicates an order to the flow which is absent in
the other cases.

The evolution of disturbances at the forcing frequency is quantified via integration
in y–z planes as described previously. Although this procedure may be reductive
of local instability growth, the summarized growth curves of figure 10 illustrate
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FIGURE 9. (Colour online) Contours of TS-wave amplitude (left) and TS-wave profiles
(right) at U∞ = 12 m s−1, F = 100 with k = 1 mm, L = 250 mm roughness.
(a) Measurements at x= 500 mm and (b) measurements at x= 700 mm. Wavelengths are
λ= 7.5, 10, 15, 20, and 30 mm in (i)–(v) respectively. TS-wave profiles are plotted for
ζ = 0 (——), ζ = 0.25 (-·-·-) and ζ = 0.5 (- - -). The reference case TS-wave profiles are
plotted as thick solid lines.
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FIGURE 10. (Colour online) Relative amplification of TS waves in the reference case
(♦), and with L = 250 mm roughness, λ = 7.5 mm (I), λ = 10 mm (�), λ = 15 mm
(H), λ= 20 mm (•), λ= 30 mm (N). The flow is U∞ = 12 m s−1 with F= 100 forcing
(Aint,I

TS = 0.48 %). Vertical dashed lines denote the streamwise extent of the roughness field;
horizontal line marks branch I and branch II locations, relative to the virtual leading edge
location at xvle = 44.5 mm.

the leading effects of the roughness field. The growth curve associated with the
two-dimensional reference case is included and follows the expected shape. All
such curves are normalized using the initial amplitude rather than that measured
at branch I. The leading and trailing edges of the roughness field are marked with
vertical dashed lines. In all cases with artificial roughness, the leading edge produces
an initial amplification of the forced disturbances. After a short relaxation distance,
the disturbances begin to decay before growing at a reduced rate compared with the
reference case. As indicated by the TS-amplitude contours of figures figure 9(a-i)
and 9(b-i), disturbance growth in the λ = 7.5 mm case increases sharply. The other
cases, however, demonstrate significant attenuation of TS-wave amplitude at the
trailing edge of the roughness field. This effect is overshadowed by sharp disturbance
growth in the near wake of the roughness, and the amplitudes at xII are larger in all
roughness-modified cases except λ= 15 and 20 mm.

The additional disturbance growth at the leading and trailing edges of the roughness
field may be due to interaction of roughness-induced vorticity and either free-stream
acoustic or vortical disturbances. For example, Ruban (1984) found that acoustically
driven disturbances can interact with a hump-shaped roughness element, and predicted
the growth of TS waves aft of the hump. Acoustic receptivity resulting from a wall
bump was computed by Nayfeh & Ashour (1994), who treated disturbed flow as
the sum of a Stokes waves (the acoustic disturbance) and a travelling wave (TS
wave). The largest disturbance growth was observed when the hump was placed just
downstream of branch I of the neutral stability curve, as in the present experiments.
Ruban, Duck & Zhikharev (1996) describe a mechanism of TS-wave excitation in
which free-stream vorticity interacts with roughness-induced disturbances penetrating
the upper regions of the boundary layer. However, it is noted that ‘for boundary-layer
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FIGURE 11. (Colour online) Transition location as a function of initial forcing amplitude
for the reference case (♦), and with L= 250 mm, λ= 7.5 mm (I), λ= 10 mm (�), λ=
15 mm (H), λ= 20 mm (•), λ= 30 mm (N). The flow is U∞ = 12 m s−1 with F= 100.
Solid horizontal lines mark the TS-growth region, and dashed lines mark the streamwise
extent of the roughness field.

flows, the resonance between external disturbances and internal instability waves
supposes coincidence not only of frequencies, but also of wavenumbers’. The
simulations of Wu (2001) demonstrate that receptivity to vortical disturbances is
larger than previously thought, yet a less efficient generator of TS waves than
acoustic disturbances. Thus, acoustic disturbances in the free stream or emanating
from the disturbance slot and interacting with the vorticity shed by the roughness field
may account for the brief regions of disturbance amplification observed in figure 10.
Additionally, as found by Ustinov (1995), a planar TS wave impinging on an isolated
roughness element scatters disturbances at the fundamental frequency in a manner
similar to that of a turbulent wedge. Evolution of disturbances in these regions may
involve additional receptivity and scattering of oblique waves.

A detailed study of the combined roles of the roughness field and TS-wave forcing
on transition is completed by varying both the roughness wavelength and the forcing
amplitude, using the roughness configurations and forcing amplitudes established in
tables 1 and 2, respectively. Transition is detected using the intermittency estimation
technique of Fransson, Matsubara & Alfredsson (2005b). Briefly, velocity time records
are subjected to a high-pass filter with cut-off frequency fc=U∞/(5δ99) and a detector
function discriminates turbulent bursts in the filtered data. Sensing thresholds are
varied and an estimate of the intermittency function γ is extrapolated. As transition
in this scenario is typically accompanied by a protracted intermittency region, the
onset of transition is taken as the location when γ = 0.5. The necessity of more finely
resolved measurements in x precludes the possibility of measuring full y–z planes,
rather, roughness-centreline velocity profiles are measured. The transition location via
γ is evaluated at y = δ∗. Because the wall-normal distribution of γ does not vary
too strongly in the lower region of the boundary layer, the additional uncertainty in
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FIGURE 12. (Colour online) (a) Shape factors and (b) streamwise fluctuation energy at
y = δ∗. The test condition is U∞ = 12 m s−1 with F = 100, Aint,I

TS = 1.1 % forcing. Two-
dimensional reference case measurements (♦) are compared with L= 250 mm roughness
with λ=15 mm (H) and λ=30 mm (N). Vertical dashed lines mark the streamwise extent
of the roughness.

transition location is minimal. Results of the transition measurements are shown in
figure 11, in which transition location is plotted as a function of TS-wave amplitude
for different roughness wavelengths.

Several important conclusions may be drawn from these data. First is the
observation that at low amplitudes of unsteady forcing and in the unforced case
the roughness accelerates transition in all studied configurations. At these conditions
(Aint,I

TS < 0.5 %), the transition location moves forward with decreasing λ, and Rex,tr

remains above 1.5 × 106 for all but the λ = 7.5 mm case. As expected, transition
moves forward universally with increasing forcing amplitude. It is, however, the
relative change in transition location with λ at fixed forcing amplitude which is
of interest. For small-amplitude forcing, the roughness is detrimental, in that it
advances transition compared with the reference case. For moderate forcing amplitudes
that exceed the secondary instability threshold, transition is delayed in some cases
compared with the reference case. Specifically, λ>15 mm produces delayed transition.
At higher amplitudes, the λ = 15 and 20 mm roughness fields are the only tested
wavelengths effective in delaying transition. This transition delay is considerable: in
one case, the extent of laminar flow is 70 % greater when the roughness pattern is
present.
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FIGURE 13. (Colour online) Relative amplification of TS waves in the reference case (♦),
with [1|15|250] mm (H), and [1|15|480] mm roughness (O). The flow is U∞ = 12 m s−1

with F= 100 forcing (Aint,I
TS = 0.48 %). Vertical dashed lines denote the streamwise extent

of the roughness fields L= 250 mm (- - -) and L= 480 mm (-·-·-). Horizontal line marks
xI and xII , relative to xvle.

This most-successful configuration employs λ= 15 mm roughness with Aint,I
TS = 1.1 %

forcing, and is examined in detail with measured velocity profiles. The boundary-layer
shape factors resulting from these profiles are plotted in figure 12(a). Acceleration of
the flow onto the roughness surface is evident in the lowered H values, followed by
deceleration in the wake. The mean flow recovers, before falling to H ≈ 1.5 as the
boundary layer becomes fully turbulent. Evolution of the streamwise component of the
turbulent kinetic energy (u′rms/U∞)

2 in figure 12(b) complements these observations.
The onset of transition is accompanied by sharply rising energy which overshoots in
the vicinity of γ = 0.5 before falling to a constant value as the flow becomes fully
turbulent. Both the mean and fluctuating components of the hot-wire signal indicate a
significant delay in the onset of transition.

Although the goal of transition delay is realized, instability growth associated
with the trailing edge of the roughness is an apparent shortcoming. To address this
problem, the roughness pattern is extended in the streamwise direction to L= 480 mm.
This places the trailing edge aft of branch II in the reference case. When compared
to measurements using a [1|15|480] roughness pattern, the TS-wave growth curves
of figure 13 show a similar development in the upstream region. Whereas the
disturbances increased sharply aft of x= 550 mm previously, this is avoided by using
the longer roughness pattern. At the reference case branch II location, a significant
attenuation of the TS-wave amplitude is observed. Finally, a smaller increase in
the TS-wave amplitude is observed in the wake of the longer roughness pattern.
For low-amplitude forcing, a [1|15|480] roughness pattern is an effective method of
controlling the growth of TS waves.

The results of a transition study, however, show that this type of roughness is less
effective for transition delay. Although figure 14 does indicate that transition delay is
possible for moderate-amplitude TS waves, this extent is somewhat reduced compared
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FIGURE 14. (Colour online) Transition location as a function of initial forcing amplitude
for the reference case (♦), and [1|15|250] mm roughness (H), and with [1|15|480] mm
roughness (O). The flow is U∞= 12 m s−1 with F= 100. Solid horizontal lines mark the
TS-growth region, and dashed lines mark the streamwise extent of the roughness fields:
L= 250 mm (- - -) and L= 480 mm (-·-·-).

with the shorter roughness pattern. One explanation for this is that the Rex value
associated with the wake is increased in this arrangement, and as such, the boundary
layer is more susceptible to wake-related disturbances. Similarly, delayed relaxation
of the near wake may affect the onset of secondary instabilities leading to transition.
The boundary-layer shape factors and fluctuation energy development of figure 15
both confirm the transition delay for the most effective configuration. The [1|15|480]
pattern still produces a significant delay in the onset of transition.

4.3. Forcing frequency effects
The results of the preceding section are limited to one frequency and free-stream
speed while roughness wavelength and streamwise extent are changed. These
conditions are deliberately chosen based in part on fixed quantities such as location
of the disturbance slot to produce amplified TS waves at the roughness location.
As roughness wavelength affects the ability of mean-flow disturbances to attenuate
TS-wave growth and delay transition, variation in forcing frequency is also tested
to examine its potential role. Keeping speed and roughness location fixed, F is
increased from 100 to 110, 120 and 130; this is intended as a modest deviation
from the primary test conditions of this work. TS-wave growth curves are measured
with λ = 15 mm roughness and compared with their two-dimensional reference
counterparts in figure 16. Because the speed is fixed at U= 12 m s−1, the TS-unstable
region becomes smaller in streamwise extent and is moved forward with increasing
frequency, as noted by the horizontal lines in this figure. Whereas the roughness
location is fixed, TS waves experience a longer region of growth before encountering
the roughness when the frequency is increased. The result is that interaction with the
roughness leading edge amplifies the unsteady disturbances more strongly the further
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FIGURE 15. (Colour online) (a) Shape factors and (b) streamwise fluctuation energy
at y = δ∗. The test condition is U∞ = 12 m s−1 with F = 100, Aint,I

TS = 1.1 % forcing.
Two-dimensional reference case measurements (♦) are compared with [1|15|250] mm
roughness (H) and [1|15|480] mm roughness (O). Vertical dashed lines mark the
streamwise extent of the roughness fields: L= 250 mm (- - -) and L= 480 mm (-·-·-).

downstream of xI the roughness is placed. Conversely, TS-wave interaction with
disturbances associated with the roughness wakes is diminished at higher frequency.
This is due to comparatively reduced growth rates of TS waves at higher frequency.
As a result of these measurements, it is concluded that the roughness extent should
cover and exceed the TS-unstable region to maximize attenuation.

Transition induced by low- to moderate-amplitude TS waves at F = 120 is
summarized in figure 17. The higher-frequency TS waves are less unstable than
those of figure 11 and this is reflected in the slightly higher Rex,tr values. Although
increasing forcing amplitude gradually moves transition forward, this effect is far
less pronounced at lower amplitudes (Aint,I

TS < 1.3 %). At higher amplitudes, delayed
transition compared with the reference case is observed for roughness with λ>15 mm.
As with disturbances excited at F = 100, the mid-range roughness wavelengths
15–20 mm most effectively maintain laminar flow. The largest difference is that
transition downstream of λ = 20 mm roughness is nearly unaffected by TS-wave
forcing at amplitudes up to Aint,I

TS = 2.5 %.
These results taken together with those regarding roughness wavelength variation

demonstrate that precise tuning of forcing frequency or wavelength is not necessary to
delay transition. These characteristics in addition to roughness location and streamwise

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

01
4.

37
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2014.377


66 R. S. Downs III and J. H. M. Fransson

−0.5

0

0.5

1.0

1.5

200 400 600 800
−0.5

0

0.5

1.0

x (mm) x (mm)
200 400 600 800

xIIxI

(a)

(c)

(b)

(d )

xIIxI

xIIxI xIIxI

FIGURE 16. (Colour online) TS-wave amplitudes in two-dimensional reference case
measurements (♦) compared with [1|15|250] mm roughness (H), measured at U∞ =
12 m s−1. The dimensionless forcing frequency is (a) F= 100, (b) F= 110, (c) F= 120,
(d) F= 130.

extent can be optimized for TS-wave attenuation or suppression. Undertaking this
task will invariably reveal more details of this stabilization mechanism. From a
practical viewpoint, these observations bolster the case for further investigation in
that the potential for transition delay is tolerant to at least minor variations in flow
conditions.

4.4. Drag analysis
The results of § 4.2 demonstrate that drag reduction via transition delay may be
possible in certain circumstances. However, it must also be shown that artificial
surface roughness and its induced disturbances do not impose more drag than they
alleviate. Modulation of the mean flow and the additional wetted surface area of the
roughness will certainly increase skin-friction drag. Although these experiments do
not include provisions for direct drag measurement, boundary-layer measurements
are used to estimate drag and skin-friction coefficients following the method of
Fransson & Talamelli (2012). An analysis is conducted in two parts: quantifying drag
induced by roughness and estimating the length of transition delay necessary to offset
increased drag.

Using an integral form of the conservation-of-momentum equation as in Schlichting
(1979), the following expression results for τw:

τw

ρU∞
= dθ

dx
+ 1

U∞

dU∞
dx

(δ∗ + 2θ) . (4.1)
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FIGURE 17. (Colour online) Transition location as a function of initial forcing amplitude
for the reference case (♦), and for L = 250 mm, λ = 10 mm (�), λ = 15 mm (H),
λ = 20 mm (•), λ = 30 mm (N). The flow is U∞ = 12 m s−1 with F = 120. Solid
horizontal lines mark the TS-growth region, and dashed lines mark the streamwise extent
of the roughness field.

With the exception of the leading-edge region, the edge velocity in these experiments
is approximately constant in x as a direct consequence of aligning the plate for zero-
pressure-gradient flow. To the extent that it varies, it is estimated that the first term
in this equation is 5–25 times larger than the second term at the conditions of these
experiments. Thus, in this analysis, dU∞/dx ≈ 0. Modulation of the mean flow is
accounted for by integrating measured θ(x, z) values in the spanwise direction:

θ z =
∫ 1/2

−1/2
θ(x, z)dζ . (4.2)

To account for additional wetted surface area, it is first recognized that roughness
cross-sections of width s = 6 mm have upper path lengths of su = 6.44 mm.
Combining these expressions and assumptions, the skin-friction coefficient per metre
of span is written in the following form:

Cz
f (x)= 2

τw

ρU2∞

(
1+ su − s

λ

)
= 2

dθ z

dx

(
1+ su − s

λ

)
. (4.3)

Curve fits to measured values of θ z are performed and differentiated directly, to
avoid the problems associated with numerical differentiation. Due to sharp changes
in θ z(x) near the roughness leading and trailing edges, the data are fitted in three
segments: upstream of the roughness, over the roughness surface and downstream of
the roughness. Estimated values of Cf are plotted in figure 18, showing increased skin
friction in the vicinity of the roughness field for all cases. As the roughness is ramped
down to the plate surface at its trailing edge, θ z(x) increases sharply producing the
large spikes in figure 18 at x= 550 mm. The physical interpretation is that wake flow
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FIGURE 18. (Colour online) Skin-friction coefficient for the conditions of figure 10. Points
represent the reference case (♦), and with L= 250 mm roughness, λ= 7.5 mm (I), λ=
10 mm (�), λ= 15 mm (H), λ= 20 mm (•), λ= 30 mm (N).

produces high drag. Cf values decrease as roughness-induced disturbances dissipate
except in the λ = 7.5 mm case due to incipient transition, as indicated in preceding
results.

To address the question of whether increased drag is offset by transition delay, the
case with Aint,I

TS = 1.1 % is considered, with and without λ = 15 mm, L = 250 mm
roughness. Excess drag due to roughness-induced disturbances 1Cf ,k is estimated by
integrating Cz

f (x) values and subtracting drag from the reference case:

1Cf ,k =
∫ xf

x0

Cz
f (x)dx−

∫ xf

x0

Cf ,2D(x)dx. (4.4)

For the aforementioned case and taking [x0, xf ] = [230, 900] mm, 1Cf ,k = 0.106 mm.
As shown in figure 12, transition is delayed from 1030 to 1680 mm. At x= 1030 mm,
values obtained from numerical differentiation show that Cf increases by nearly a
factor of three: from 0.0014 to 0.004 at these conditions. If transition is delayed
by approximately 41 mm at the conditions of this test case, the additional drag
due to roughness is offset. Any transition delay beyond this value results in drag
reduction. Thus, in this case transition is delayed nearly 15 times farther than is
necessary to compensate for roughness-induced drag. Even with the approximations
and assumptions made in this analysis, these data admit the possibility of a net drag
reduction.

5. Discussion and conclusions
Working from the background of Fransson et al. (2006) and Shahinfar et al. (2012),

a new approach is undertaken to ameliorate TS-wave growth and delay the onset of
transition. This approach rests on the notion that a smooth, spanwise-periodic surface
pattern may produce the steady spanwise mean-flow modulation that is required for
the streak stabilization mechanism, and do so in a manner which renders the steady
disturbances more robust in the sense that they are less prone to bypass transition.
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The first approximation to this notional surface is a pattern of elongated roughness
elements with hemispherical-cap cross-sections. The utility of this approach is that
the spanwise spacing or streamwise length of the pattern is easily modified for
parameter studies. Using controlled forcing of low- to moderate-amplitude TS waves,
disturbance growth and transition are incited in a repeatable and quantifiable manner.
For TS waves with F= 100 and amplitudes restricted to the linear growth regime, it
is observed that a roughness pattern with Rek 6 424 and λ= 15 mm (β = 0.26) most
effectively attenuates the amplitude of the TS waves. Although the presence of the
roughness advances transition for low TS-wave amplitudes, moderate-amplitude TS
waves (Arms,II

TS > 0.7 %) which lead to secondary instability growth may be controlled
successfully. That is, significant delays in the onset of transition are observed at these
conditions. Extending the roughness pattern more effectively damps the TS waves,
but results in a shorter transition delay. Thus, the underlying concept is validated by
the present experiments.

The computations of Cossu & Brandt (2004) show that the TS waves are attenuated
by negative production, or spanwise shear in the mean flow working against u′w′.
The antisymmetric ∂U/∂z fields are observed experimentally and this explanation
appears correct. Contours of the mean flow over the roughness pattern show that it
is similarly deformed, though perhaps to a somewhat smaller degree than expected.
Given that significant attenuation of TS-wave amplitude is observed, it stands to
reason that spanwise shear in the mean flow is the more important ingredient. In the
wake of the roughness, a system of high-speed and low-speed regions modulated in z
develops in a manner which is not dissimilar to the streaky boundary layers produced
by conventional roughness via the lift-up mechanism. That the periodicity of the wake
grows in x admits the possibility of a streak-generating mechanism, such as weak
streamwise vorticity produced by the elongated roughness. In the present experiments,
however, the magnitude of the streaks is less than half of that in the experiments
of Shahinfar et al. (2013), and furthermore, amplitude attenuation is observed before
the end of the roughness. Thus, this explanation appears incomplete for the present
experiments.

It is worthwhile to reconsider the experiments of Grek et al. (1996) and the
simulations of Litvinenko et al. (2006), in which the effect of riblets on transition
was studied. Both efforts concluded that the finely spaced riblets enhance TS-wave
growth rates, but more importantly, that the development of turbulent spots from Λ

vortices is delayed in the presence of the riblets. Transition delay is only achieved
in the present experiments when the forcing amplitude is large enough that the TS
waves are reasonably expected to produce these Λ vortices. Given these observations,
it is possible that lingering effects of the roughness in the boundary layer delay
the onset of transition by inhibiting the formation of turbulent spots. At these
moderate amplitudes, a K-type pattern is expected (Herbert 1988) in which the
spanwise wavelength λz of these structures is about half that of the streamwise TS
wavelength, λx. The streamwise wavelength is measured indirectly by tracking the
phase of the TS waves in x which results in λx = 28.4 mm for these TS waves at
F = 100. Thus, λz ≈ 14.2 mm. It is further noted that the most effective roughness
wavelengths for transition delay are 15–20 mm, or slightly longer than the estimated
spanwise wavelength of the Λ vortices.

The boundary-layer measurements have revealed a shortcoming of this approach in
that disturbances are amplified in the near-wake region of the elongated roughness.
Furthermore, placing the trailing edge of the roughness past branch II reduces but
does not eliminate this problem. Combined with the idea that the spanwise-periodic
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wall shape may favourably affect the development of turbulent spots, the next step
is to extend the roughness pattern to the entire length of the plate. This is closer to
approximating a wavy wall, rather than a flat plate with a roughness field. Building
on the parametric studies of the present experiments, the wavelength of this surface
roughness pattern can be optimized for potential transition delay at specific conditions.
Transition that is not forced by large-amplitude, fixed-frequency disturbances is
currently untested by this streak-stabilization mechanism. The path taken to turbulent
breakdown in that scenario will undoubtedly rely on receptivity of naturally present
disturbances. The combined problems of natural receptivity and the presence of
unstable disturbances across broad frequency bands remain to be addressed before
practical application of this method is deemed viable. Furthermore, the potential
application of this method to flows with elevated free-stream turbulence is also
unexplored. Some hints at feasibility in these scenarios may be discerned from existing
results. First, the experiments of Fransson et al. (2006) demonstrated a modest delay
in transition forced by a signal comprising broadband random noise. Secondly, some
degree of latitude in tuning roughness wavelength to forced disturbances is apparent.
When MVG wavelength is fixed and disturbance frequency is varied, Shahinfar et al.
(2013) observe transition delay across a range of frequencies. Similarly, at a fixed
frequency in the present experiments, transition delay is achieved across a range of
roughness wavelengths. Taken together, these observations indicate that a notional set
of steady streaks induced by MVGs, a wavy surface, or other surface features are
able to attenuate disturbance growth across a range of frequencies or speeds. That
naturally arising disturbances are unstable about a range of temporal frequencies does
not therefore preclude the possibility of control by a passive mechanism.

The stated goal of the present work is to develop and investigate a new method
for passive drag reduction in a flat-plate boundary layer. The results of earlier
experimental and computational studies of roughness-induced transition and roughness
interactions with TS waves guide this work, where the roughness may be random
and distributed, or arrays of discrete features such as short cylinders, MVGs, or
riblets. A prototypical wavy wall is approximated using long, regularly spaced
humps to form a surface pattern. Compared with smooth-wall cases with forced
TS waves, the streamwise extent of laminar flow is increased by up to 70 % in
the corresponding rough-wall cases. Though forced moderate-amplitude TS waves
are somewhat unrealistic, unforced transition in low-turbulence environments such
as that encountered in flight can result from naturally arising TS waves. Before a
real application can be considered, control of low-amplitude TS waves must first be
demonstrated. Future experimental work will move beyond this proof-of-concept to a
more aerodynamically simple rough wall shape, with broadband unsteady disturbances
more representative of natural perturbations as this research marches toward the
ultimate goal of demonstrating passive drag reduction via delay of natural transition.
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