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SUMMARY

In connection with the loss of glide performance experi-
enced by some sailplanes upon entering the turbulent air
in thermals, we review experimental and theoretical
investigations into the response of a laminar boundary
layer to external (e.g. atmospheric) turbulence. Contrary
to intuition, the excitation of Tollmien-Schlichting waves
is such a feeble process that it is unlikely to play any sig-
nificant role at all. The excitation of low frequency, high
amplitude streaks, on the other hand, is a very efficient
process that must be considered as a likely source of early
laminar-turbulent transition within the boundary-layer.

1 INTRODUCTION

In a personal communication, Waibel' reports that
pilots of sailplanes have experienced a loss of glide
performance after entering the turbulent air found in
thermals. Measurements of the spectrum of the
atmospheric turbulence show that most of the energy is
contained at frequencies much lower than those of the
unstable TS waves in the airfoil’s boundary layer. Nev-
ertheless, Waibel, and others, suspect that the loss of
performance comes from a premature transition to turbu-
lent flow over the wings’ surface. Some insight into this
phenomenon can be gained from the basic experimental
and theoretical studies made in the past decades on a
simpler geometry, namely a flat-plate at zero angle of
attack. These studies have spanned the multitude of ways
traveling waves and other disturbances within the lami-
nar boundary-layer are generated by an external forcing,
including free-stream turbulence, sound, surface rough-
ness, and surface suction. This topic has received the name
“receptivity” in the technical literature. Herein, we briefly
review the main receptivity processes relevant to sailplane
conditions, and show that the low-frequency components
of turbulence impinging on the wing cause the largest
response in the boundary-layer, and are, thus, likely
culprits for the loss of performance in thermals. We then
expose a theoretical model for the underlying receptivity
process.

Essentially two types of receptivity processes are active
on a sailplane wing: those that scatter free-stream tur-
bulence and sound and excite traveling waves
(TollmienSchlichting waves) having a frequency of
hundreds of Hertz, and those that directly couple free-
stream turbulence to the boundary-layer response and
excite motions at a few Hertz. This division follows the
two types of boundary-layer instabilities given by the well
known Orr-Sommerfeld equation: traveling waves, which
appear as discrete modes in the spectrum of solutions, and
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convected motions, which appear as modes of the continu-
ous part of the spectrum.

Traveling waves (TS waves) propagate downstream at
a velocity that is roughly one third the free-stream veloc-
ity%. Since the turbulence in the free-stream travels with
the free-stream, hence faster, the turbulence cannot directly
couple to, and feed energy to, the TS waves. An even
greater mismatch in propagation velocity occurs between
TS waves and sound in the free-stream. A match in veloc-
ity and transfer of energy can occur, however, when the
free-stream turbulence and sound waves are scattered at
the surface of the wing by small roughness. The interac-
tion between the free-stream turbulence and the wall
roughness creates a disturbance in the boundary-layer that
has the same speed as the TS wave, and can, thus, feed
energy into the TS wave. In contrast, the other type of re-
ceptivity process occurs at low frequencies and is charac-
terized by a direct coupling between the boundary-layer
response and the free-stream turbulence. Since scattering
is not needed, this process occurs even over wing surfaces
that are perfectly smooth. The response takes the form of
thickening and thinning of the displacement thickness, and
was described by Klebanoff and Tidstrom [l] as a “breath-
ing mode” after being first measured in wind-tunnel ex-
periments in the late 50's. Another, more modern, descrip-
tion is “streaks.” The coupling is most efficient in the limit
of zero frequency, and can lead to velocity deviations in
the boundary-layer as large as 10% of the free-stream
velocity (TS waves reach 1 to 2% at transition). Although
these streaks alone can lead the flow into turbulence when
the streaks reach sufficiently high amplitudes to create
localized and intense shear layers, they can also accelerate
the transition process at lower amplitudes when a weak
TS wave is present.

Before focusing on the low-frequency response, 1 would
like to offer three reasons why I believe the scattering
process of turbulence is a weak process on sailplane wings.
First, the turbulence components at the frequency of TS
waves, typically several hundred Hertz, have small ener-
gies. Second, the surface of wings is usually polished and
free of the roughness necessary for scatter. Third, at TS
wave frequencies, the free-stream turbulence does not pen-
etrate well into the boundary-layer. Figure l-a, taken from
[2], shows how inefficiently modes of free-stream turbu-
lence at TS-wave frequencies penetrate into the boundary
layer. Near the wall, where the scattering process takes
place, the velocity magnitude is quite small. Thus, even
on an un-polished wing with roughness at the wall, the
scattering is weak. This last argument fails for acoustic
waves, which penetrate the boundary-laver to the wall (see
figure 1-b), creating a Stokes layer there. But the acoustic
field in thermals is weak, and no more intense than else-
where, so also the forcing from acoustic scatter remains
weak. Lastly, scattering can also occur on regions of the
airfoil with large curvature, e.g. at the leading edge. This
particular form of turbulence scattering has not been stud-
ied in detail, and could be important on swept wings since
there the neutral stability point for cross-flow instabilities

VOLUME XXV, NO. 2 — April, 2001




lies close to the attachment line. Sailplane wings have neg-
ligible sweep, and the neutral stability point for TS waves
lies far from the leading edge, typically near the peak-suc-
tion location at 25% to 35% chord, so also this form of scat-
tering is weak on the unswept wings of sail planes.

As we will show in the remainder of this paper, forcing
from the low-frequency components of atmospheric
turbulence is quite effective in creating disturbances in the
wing’s boundary-layer. Indeed, these disturbances are
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Figure 1: Streamuwise velocity (arbitrary scale) versus wall-nor-
mal distance. (A) Penetration of high-frequency turbulence into
the boundary-layer (gray region). Cases (a) and (b) for vortical
modes of “A” type; (c) and (d) for “B" type (see an,me' sec-
tion 3). Non-dimensional frequency F = 60, where F = 2afo x
10°/UF =, and f in Hertz. Symbols from experiments [3]. I'B)
Penetration of an acoustic wave, also at F = 60.

much larger in amplitude than the freestream turbulence
itself, with the amplification factor scaling with the square-
root of the local Reynolds number and reaching values of
50 or more. Consequently, eddies in the atmospheric tur-
bulence with velocities smaller than 0.1% of the sailplane’s
velocity can still lead to large disturbances in the wing's
boundary-layer. We limit our discussion to the flat-plate
geometry at zero angle of attack, rather than a true airfoil,
but the physics of the receptivity process remain equally
valid for a sailplane wing.
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The contents of this paper are organized as follows. In
section 2 we present an overview of experimental find-
ings. In sections 3.1 and 3.2 we present the main steps in a
theoretical and numerical model developed by the author
and compare and discuss results with experimental data.
In section 3.3 we present the results from an improved com-
parison between theory and experiment aimed at remov-
ing uncertainties in the experimental measurement of the
turbulent length-scales.

2 THE EXPERIMENTS

The first observation of streaks in two-dimensional
boundary-layers came in the late 50’s when Klebanoff and
co-workers [4] measured an anomalous boundary-layer
velocity field containing a spanwise modulation of the
streamwise velocity. After some investigations, they were
able to trace the source to the turbulence produced by the
wind-tunnel screens. Figure 2 portraits, with some artistic
freedom, the essential features of the boundarylayer re-
sponse. The undulating surface denotes the edge of the
boundary-layer, which undergoes a spanwise modulation
with wavelength Az. The deviation of streamwise velocity
from the undisturbed stated is also shown at two spanwise
locations. When the deviation is aligned with the basic
velocity field, the thickness of the boundary-layer de-
creases, and vice-versa when the velocity is aligned con-
trary to the basic velocity field. The velocity deviation, alias
the response produced within the layer, is today referred
to as the Klebanoff mode (K-mode in short, but not to be
confused with “Klebanoff-type” secondary instability) or,
alternatively, as streaks. The K-mode can oscillate slowly
in time and since the receptivity process is linear, as dis-
cussed below in the theoretical model, many K-modes can
occur simultaneously, each having a 5pec1ﬁc wavelength
2, and frequency w. In later experiments, Kendall [3] [5]
pmduced free-stream turbulence of

Figure 2: Spanwise variation of the boundary-layer thickness
associated with a Klebanoff mode (alias “streak”), and streamuwise
velocity deviation from the Blasius profile at maximum and mini-
mum of the thickness.

adjustable level in the wind-tunnel and observed an ap-
proximately linear dependence between the turbulence
level and the amplitude of the resultant Klebanoff-mode
boundary layer fluctuations on a flat plate test model.
Other characteristics observed were that the amplitude of
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the broad-band (in frequency) fluctuations grew with the
square-root of the streamwise coordinate, that the lateral
correlation scale was commensurate with that of the free-
stream turbulence, and that the temporal frequencies were
far lower that those of T-S waves which would be unstable.
His observations have been experimentally confirmed by
Westin et al. [6]. Kendall also saw no change in the bound-
ary-layer response when the leading-edge geometry was
changed. Earlier measurements of Kachanov, Kozlov and
Levchenko [7] [8] of the vortical field generated by a vi-
brating ribbon positioned upstream of a non-swept plate
also showed weak amplification due to vortex stretching
and tilting at the leading edge.

3 THEORY

Theoretical models provide significant help in under-
standing the receptivity process. For example, the reviews
by Goldstein & Hulgreen [9] and Kerschen [10] of asymp-
totic methods, Crouch [11] and Choudhari & Street [12] of
classical finite Reynolds-Number models, and Hill [13] of
the adjoint model, provide an overview of the scattering
process. In contrast, much less work has been published
on the analysis of the low-frequency process. Herein, we
follow the model for the low-frequency process presented
in [2] since this model exposes, in the author’s opinion,
the main ingredients of the physics involved. The blue-
print for the model can be constructed by consideration of
the experimental observations. In particular, four obser-
vations are pivotal: a) the response scales linearly with the
forcing, b) the spanwise scale inside and outside the bound-
ary-layer are commensurate, c) the growth of the broad-
band frequency response is proportional to Vx, and d) the
leading-edge geometry has little influence on low-fre-
quency motions in the flow over a flat plate with no sweep
angle.

The Vx growth suggests that the response is governed
by equations of the boundary layer type. The linear re-
sponse and the match in spanwise length-scale suggest that
the atmospheric turbulence appears directly as a forcing
in these equations. Lastly, the insensitivity to the leading-
edge geometry suggests that the leading-edge region has
a negligible effect on the of the low-frequency turbulence,
so the singular nature of the boundary-layer equations at
the leading-edge must not be dealt with. Additional mo-
tives for a linear model based on the boundary-layer equa-
tions comes from Crow’s [14] asymptotic analysis of the
Klebanoff mode, made in the mid 1960'’s.

The receptivity model, thus, comprises three steps. First,
a decomposition of the atmospheric turbulence into vorti-
cal modes is made (Fourier decomposition). Then, the re-
sponse of the boundary-layer (streaks) to each mode is
investigated using the linearized Prandtl boundary-layer
equations (in our case, we use the Parabolized Stability
Equations [15] that contain Prandt’s equations in the limit
of zero frequency), and the atmospheric modes that gen-
erated the largest response are identified. This step includes
studying the effect of frequency and spatial scales. Lastly,
the full non-linear stability equations are solved for the
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evolution of streaks and traveling waves and the location
of skin-friction rise as function of turbulence strength is
studied.

3.1 THE FREE-STREAM MODES

The turbulence in a wind-tunnel is generated by screens
upstream of the test-section, and has (root-mean-square)
velocity fluctuations in the order of one percent (or less) of
the mean velocity. After generation, the turbulence is es-
sentially convected downstream without exchange of en-
ergy between the turbulent scales, since the Reynolds
stresses, which scale with the square of the fluctuation
velocity, are negligible at these fluctuation strengths. The
convected turbulent field, thus, can be represented as a
summation of modes that solve the Navier-Stokes equa-
tions linearized about a steady flow with constant
streamwise velocity. These modes are easy to calculate, and
can be partitioned into two families that I call the “A” and
“B” type. A mathematical expression for these modes is
given in [2], and consists essentially of sinusoidal varia-
tion in all three space directions and time,

v(x, y,z t) =v, cos (w(x/Ux-t) + Bz + dy) ()
where v is constant, U is the velocity in the free-stream,
x is aligned in the streamwise direction, z in the spanwise
direction, and y normal to the wall. These modes are the

Figure 3: Iso-contours of the magnitude of vorticity for free-
stream modes of type “A” and “B". The nondimensional fre-
quency is F = 56. The arrow indicates the free-stream direction,
and the gray-bands indicate the region the boundary-layer would
occupy if a flat plate was present.

vortical modes discussed in the context of compressible
flow by Chu and Kovasznay in the late 50’s [16]. Figure 3
displays the nature of the two families. Type “A” modes
are structures aligned perpendicular to the flow direction,
whose size in the x - y plane scales as Ux/w. Thus, type
“A” modes necessarily have a non-zero frequency (imag-
ine the signal from a fixed hot-wire in the free-stream as
the structure passes by). The modes of type “B”, on the
other hand, have structures aligned with the flow. The
mode shown in figure 3 has a non-zero frequency, as evi-
dent from the periodic variation in the stream direction.
In the limit of zero frequency, the streamwise variation
vanishes, leaving steady stream-wise aligned vortices, with
scales h_=2n/f and =2 /0 in the plane normal to the
flow. In the figure , B = 8 so the iso-contours are circles in
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the y—z plane, but other combinations of f and & lead to
elliptical cross-sections. The values of B and & are fixed for
each mode, and the variation of § and d over a continuous
range of values creates a family of modes. The actual tur-
bulent flow field is composed of a superposition of many
these “A” and “B” of modes. Indeed, any vortical field can
be constructed from the linear superposition of these
modes, and we take advantage of this fact in section 3.3 to
improve comparison between theory and experiment.

[ expect the above results for turbulent flow in a wind-
tunnel’s test-section to carry over to the atmospheric tur-
bulence about a sailplane wing. The speed of the sail plane
is significantly higher than that of the turbulence in a ther-
mal. An observer fixed on the wing would see the atmo-
spheric turbulence as vortical modes convected in the flow
about the wing. The relevant low-frequency components
would appear as “long vortical tubes” aligned with the
flow streamlines.

3.2 THE BOUNDARY-LAYER RESPONSE

The equations governing the boundary-layer response
will not be given here for reasons of space, but the equa-
tions are presented and discussed in depth in [2]. As first
step, a mode of type “B” with arbitrary scales f and 8 is
selectively introduced in a otherwise laminar and undis-
turbed free-stream. As amplitude we can choose unity,
since the problem is linear. Figure 4 displays the two-step
solution procedure used to evaluate the boundary-layer
response. The first step comprises a rapidly convergent
series solution to the unsteady boundary layer equation

(A)

Linear . Nonlinear

Figure 4: (A) lllustration of the two-step solution procedure (B)
Streak amplitude, based on maximum streamwise velocity, as
function of spanwise wave number B at Rx = 720. Symbols de-
rived from Kendall’s experiment [3]. Solid lines from theory [2],
using different assumptions of the anisotropic state of the free-
stream turbulence.
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in which the “B” mode appears as forcing. The series
converges over a region that excludes the vicinity of the
leading edge and extends downstream to the point v
where the parabolized stability equations (PSE) [15] [17]
[18] can be started. The PSE include the unsteady bound-
ary-layer equations, but have the added advantage of also
modeling Tollmien-Schlichting waves and the non-linear
mode interaction that necessarily precedes the onset of
turbulence inside the boundary-layer. Herein, the results
in figure 6 are from a non-linear calculation - all other
results are from solutions to the linearized equations. In
all cases, the PSE incorporate the forcing from the “B” mode
at low frequencies, and within the region denoted
“linear” in figure 4-a the response scales linearly with the
strength of the free-stream mode.

The procedure is repeated for a wide variety of f and &
values (i.e. scales), and the total response is obtained as
the linear superposition of solutions with weights corre-
sporident to the energies of the “B” mode in the atmo-
spheric turbulence. Ideally, an experimental measurement
would provide us with the energies at all length-scales in
actual flight, but such a measurement is hopelessly beyond
our current measurement abilities. Thus, we proceed with
and alternative strategy, and search for the values of the
parameters 3 and o6 that lead to the largest boundary-layer
response. The result of scanning values of p and § is shows
a clear maximum at specific values of § and & and zero
frequency. The spanwise scale is roughly 8 to 10 times the
boundary-layer thickness (99% definition) and the wall
normal scale (i.e. §) is slightly larger. In the following dis-
cussion we refer to the “B” mode that causes the maxi-
mum boundarv-layer response as the most effective mode.
Since boundary-layers on sailplane wings have thickness
in the order of a few millimeters, the most effective modes
are long streamwise aligned tubes (e.g. low frequency) with
diameters in the 10 to 20 millimeter range. Such a tube is
hard to imagine, but exists as a Fourier mode of the large-
scale turbulent structures.

Holding the most effective ratio &/p fixed and varying
produces a curve of the amplitude response versus
spanwise length-scale. Figure 4-b compares the computed
variation (lines) with data derived from experimental cross-
correlation measurements of Kendall. Although the experi-
mental data is inaccurate at low values of p due to the lim-
ited span (in z) of the measured data, the overall agree-
ment is surprisingly good. The pronounced peak displays
a clear preferential spanwise length-scale for the bound-
ary layer response, but as the measurement location is
moved closer to the leading edge the peak disappears [2].

Knowing the most amplified length-scales, we can com-
pare streamwise growth rates with experimental measure-
ments under the assumption that the amplitude of the most
effective turbulent mode is proportional to the turbulence
intensity. The free-stream turbulence intensity is usually
characterized by the root-mean-square (in time) of the sig-
nal obtained at a single measurement location. This is un-
fortunate since the signal contains contributions from
modes at all frequencies and all scales. To help the com-
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parison with the author’s model, Dr. ].M. Kendall at the
Jet Propulsion Lab in Pasadena, offered to repeat some of
his published measurements using band-pass filtering at
various frequencies (e.g. 4-8 Hz, 8-12 Hz, 12-16 Hz and 16-
20 Hz at a free-stream velocity of 11.5 m/s). This step fa-
cilitates the comparison, since in the model the amplitude
in the free-stream is set equal to the measured value in the
appropriate frequency range. Recently, Leib et al. [19] fol-
lowed the model steps discussed herein, substituting the
series expansion and the PSE equations with matched as-
ymptotic solutions, and substituting an approximate model
for anisotropic turbulence in place of the most amplified
mode approximation used herein, but arrived at results
almost indistinguishable from the theoretical ones shown
in figure 5-a, below.

Figure 5-a shows the measured and computed
streamwise growth at various frequencies. Note that at low
frequencies the growth is almost linear, in similitude to
the transient growth displayed by recent “algebraic
growth” models of transition [20]. Figure 5-b compares the
measured and computed streamwise velocity profiles at
two 2 stations. The maximum value of velocity is about
2.5%, and the associated free-stream turbulence level at
this frequency is 0.044%, showing that the boundary-layer
has amplified the motion in the free-stream turbulence by
a factor of 57, as claimed in the introduction.

At high frequencies we have seen that the stimulation
of Tollmien-Schlichting (TS) waves by free-stream turbu-
lence is a very weak process. Nevertheless, it is interesting
to investigate what happens when a TS wave is superim-
posed on the low-frequency streaks.

(4)

Linear

, Nonlinear
!

0.0 - : :

0.20 0.30
Figure 5: (A) Streak amplitude as function of streamwise distance x in
meters, with nondimensional frequency F as parameter. Symbols from
experiment of Kendall, solid line from model having experimental free-
stream turbulence level as input. Free-stream velocity Uece = 15 m/s.
(B) Comparison with experiment of streamwise velocity profiles at x =
178 and 1118 millimeters x location, corresponding to F = 3 (solid line)
and F = 0 (dashed line). Figures from [2].
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For this purpose, we add a TS-wave as given by the Orr-
Sommerfeld equation (i.e. we skip the receptivity model-
ing) to the computed streaks and use the non-linear mod-
eling feature of the PSE to trace the flow-field to the door-
steps of turbulence.

4.0

Turbulent  “teeel

0.8
R, x 16
Figure 6: Skin friction versus streamwise position for three lev-
els of the free-stream “B” mode amplitude. The non-linear cal-
culation was started from a pair of streak with = 0.06 and one
two dimensional TS wave with frequency F = 56. Figure from

{2].

Figure 6 shows the rise in wall shear stress for three sepa-
rate runs using different amplitude of the low-frequency
atmospheric turbulence component. At the lowest level,
A =0.01%, the streaks are too weak to trip the flow into
turbulence, but increasing the level to A = 0.05% leads to
transition. Lastly, we note that, conceptually, streaks may
trigger transition without the presence of a TS wave if the
streak’s amplitude increases to the point that strong local
shear layers form within the streak’s velocity field and
undergo an inviscid, Rayleigh-type instability.

3.3 THE CONTROLLED EXPERIMENT

The comparison with experimental data discussed above
is made difficult by the lack of knowledge about the ac-
tual state (spatial scales) of the anisotropic turbulence
present in the wind-tunnel. Since the “A” and “B” mode
expansion can be use to reconstruct any vortical field in
the free-stream, Kendall suggested to replace the free-
stream turbulence by a single vortex generated at the tip
of a small wing oriented perpendicular to the plate’s sur-
face and position with a slight angle of attack, so as to gen-
erate lift [21]. Figure 7-a show a schematic of the set-up.
The vortex was steady and could be controlled and posi-
tioned with precision. The “B” mode expansion was ob-
tained by performing a Fourier-transform of the vortex's
velocity field. For each mode, the analysis discussed above
was performed, and the total response was obtained by
linear superposition. A comparison of the computed and
measured streamwise velocity field inside the boundary
layer is shown in figure 7-b. The good agreement obtained
within this controlled environment gave further validity
to the theoretical model’.
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Figure 7: (A) Sketch of the controlled experiment employing a wing-tip
generated vortex. (B) Comparison between theory and experiment of
the streamwise velocity measured along a spanwise traverse at con-
stant height above the plate. The height is indicated for each traverse
shown. The vortex axis is at z = 0 and y = 14, and the streamwise
location of the measurements is x = 581 mm. The free-stream velocity is
3.0 m/s. Figures from [21].

4 CONCLUSUION

Experiments and theory on the response of the Blasius
boundary layer to free-stream turbulence may shed some
light on the loss of glide performance of sailplanes enter-
ing the turbulent air flow in a thermal.

Although the atmospheric turbulence contains energy
over a large frequency range, including frequencies that
match those of unstable Tollmien Schlichting (TS) waves
in the wing’s boundary-layer, we provide several reasons
why the coupling between atmospheric turbulence and TS
waves is in general very weak and, alone, is unlikely to
cause transition.

On the other hand, the response of the laminar bound-
ary-layer to the low-frequency components of atmospheric
turbulence is very strong, resulting in motions that are
orders of magnitude larger than those of the turbulence
itself. Some of the main characteristics of these low-fre-
quency motions, known as Klebanoff-modes or streaks,
are presented herein, as well as comparisons between ex-
perimental measurements and theory. We show that the
combination of streaks and a weak TS wave leads to tran-
sition, and note that, conceptually, streaks alone can trig-
ger transition upon reaching a sufficiently high amplitude.
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