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Abstract
The modification of the mean and fluctuating characteristics of a flat plate boundary layer subjected
to nearly isotropic free stream turbulence (FST) is studied experimentally using hot-wire anemom-
etry. The study is focussed on the region upstream of the transition onset, where the fluctuations
inside the boundary layer are dominated by elongated flow structures which grow downstream both
in amplitude and length. Their downstream development and scaling is investigated, and the re-
sults are compared to those obtained by previous authors. This allows some conclusions about the
parameters which are relevant for the modelling of the transition process. The mechanisms under-
lying the transition process and the relative importance of the Tollmien-Schlichting wave instability
in this flow are treated > An accompanying paper (part II of the present report).

1 Introducti
Despite being a sub t c interest since the thirties, the effect of free stream turbulence (FST) on
the onset of transit: jr b .s received detailed attention only since the last few years. This problem
is of great interest in >, -plied engineering, for instance for the prediction of transition on turbine
blades, where the i?p -..lgement of turbulence from the wake of the stator influences the boundary
layers on the rotor ilades. Another important aspect is the influence of FST on wind-tunnel
experiments in get * i.\ (both sub- and supersonic). It is desirable to reduce the FST-level in order
to resemble free-flij <t conditions, but all wind-tunnels have some background disturbances with
different characters ;cs, and more knowledge about the 'dangerous' FST-parameters will be of
interest. Attempts lyve been made by several authors to establish empirical correlations between
the free stream tur? - Jence and the transition Reynolds number. At FST levels (Tu) above 5%,
transition occurs at u e minimum Reynolds number where self-sustained boundary layer turbulence
can exist, i.e. at Reg * 190 where Re$ denotes the Reynolds number based on momentum loss
thickness (see Arnal, 1992, for a review). At lower levels of FST, however, different experiments
disagree widely as to the location and extent of the transition region, and there seems to be no
general correlation between the level of the free stream turbulence and the location of transition
onset. Neither can the transition Reynolds number be found by merely taking into account the



fluctuations inside the boundary layer. Transition is also sensitive to a large number of other
parameters, including not only the overall level of FST but also spatial scales, degree of isotropy
and homogeneity, conditions at the leading edge of the model, presence of pressure gradients, etc.,
each of which requires special attention. Depending on these conditions, PST-induced transition
may be caused by different types of boundary layer instabilities. These can be Tollmien-Schlichting
(TS) waves and other, not yet completely understood phenomena, which require different modelling
approaches. The basic problem in modelling PST induced transition, as pointed out by Arnal, is
the lack of understanding of the transition mechanisms at work.

For engineering purposes, recent attempts have been made to model the transition in the pres-
ence of FST by transport equations. Most transport models rely on a transition criterion, usually
derived from an empirical correlation, for modifying the closure parameters through the transition
region. If transition is to be modelled without resorting to empirical correlations, it is necessary
to correctly reproduce the laminar flow characteristics upstream of the onset of transition. An
extensive comparison of numerical methods, using the experiments by Roach & Brierley (1992) as
a reference (the so-called T3 test cases), was made during the 'Workshop on Transition and Tur-
bulence in Lausanne' (see Pironneau et al., 1992). From the results presented at this Workshop, it
is clear that transport models are unable to reproduce the structure of the laminar boundary layer
fluctuations needed for the closure of the equations.

So far, only a few experimental studies have reported measurements of the mean velocity in
the region upstream of transition for boundary layers subjected to FST. Nor have comparisons
been made between fluctuation characteristics obtained in different experiments, despite the fact
that such experimental data usually are presented. Because of the lack of knowledge about the
effect of different parameters involved, it is necessary to be careful when drawing conclusions from
results obtained under different experimental conditions. In the present experiments, special care
was taken to create 'standard' experimental conditions: a zero pressure gradient, control of leading
edge conditions, a low level of uncontrolled free stream disturbances (both sound and turbulence),
and isotropy of the grid generated turbulence.

This paper is organized as follows: A brief overview of previously known results on the re-
ceptivity of the boundary layer to FST is given below. The experimental set-up is described in
section 2, and the free stream characteristics are discussed in section 3. Results of investigations of
the boundary layer structure are presented in section 4, and discussed in section 5 together with
previous author's findings. The main conclusions from this study are summarized in section 6.

1.1 Brief overview of t h e b o u n d a r y layer recept ivi ty t o F S T

The first detailed measurements concerning the development of a laminar boundary layer in the
presence of FST were presented by Arnal & Juillen (1978). They observed a downstream growth
of the streamwise velocity fluctuations {thm,), reaching amplitudes of several percent of the free
stream velocity (UQ) before the onset of transition. They also found that the energy spectrum inside
the boundary layer is dominated by contributions at much lower frequencies than in the turbulent
free stream. The distribution of Urm, across the boundary layer was quite different from that of
TS-waves (e.g. the maximum was found near the middle of the boundary layer instead of near the
wall as for TS-waves). Waves with frequencies typical of unstable TS-waves were also seen riding
on the large scale (low-frequency) structures, however, their amplitudes were small compared to
the overall fluctuation level. Later studies by Kendall (1985, 1990, 1991) were focussed on the
receptivity and development of wave packets induced by FST at Tv. between 0.1% and 0.2%. At
higher disturbance levels the TS-waves become difficult to detect, and their role in transition is



therefore not evident. Recent experiments by Blair (1992), carried out in accelerating flows at a
high ambient disturbance level, show that transition can also occur under conditions which are
subcritical with respect to TS-waves.

The boundary layer perturbations were investigated at larger FST levels in experiments by
Kosorygin et al. (1982) and Kosorygin k Polyakov (1990), who found that the shape of the Umu-
profile is nearly independent of both Tu and the Reynolds number. The spanwise and wall-normal
scales of the low frequency structures were of the order of the boundary layer thickness, and the
amplitude of normal velocity fluctuations (tVnu) inside the boundary layer was several times smaller
than Urm*. Flow visualizations (Kendall, 1985; Gulyaev et al., 1989) show that the low frequency
fluctuations in the boundary layer are caused by longitudinal streak structures which start to
develop from the leading edge of the plate. It should be emphasized that the observed boundary
layer perturbations with a dominating streaky pattern, although random in time and space, are
not what we usually call turbulence.

Suder, O'Brien k Reshotko (1988) and Roach k Brierley (1992) directed their attention to the
transition region itself. In the experiments by Suder et al., transition was observed at remark-
ably low Reynolds numbers compared with other experiments made under similar conditions, and
turbulent spots appeared at relatively low fluactuation levels in the boundary layer (3-4% of Uo).
The onset of turbulence is accompanied by a rather well defined increase in the wall shear stress,
and can also be clearly seen in the fluctuating velocity profiles, which develop a distinct near wall
maximum due to the turbulent motion. Irrespective of the dominant mechanism responsible for
the transition, which may have been different in all the above mentioned cases, the transition re-
gion is characterized by a random appearance of turbulent spots which grow in number and size
downstream, until the boundary layer becomes fully turbulent.

So far, neither the receptivity nor the growth mechanism of the observed longitudinal struc-
tures have been identified, and their precise role in the transition u> turbulence is not clear. The
receptivity of the boundary layer to free stream disturbances can be investigated by generating
controlled 'model' disturbances in the free stream, and studying the subsequent development of
perturbations inside the boundary layer. Such experiments by Grek et al. (1985,1991) have shown
that a transient localized disturbance upstream of the leading edge can initiate the development
of unstable flow structures in the boundary layer in the same way as transient disturbances intro-
duced from the wall or in the interior of the boundary layer. After an initial development, these
structures develop into turbulent spots, provided that the initial disturbance is large enough. These
'incipient spots' have been extensively studied both theoretically, experimentally and numerically
(ef. Gustavsson, 1991; Grek et al.; Kbngmann, 1992; Henningson, Lundbladh k Johansson, 1993).
They are characterized by an algebraic energy growth and weak spanwise spreading. The spanwise
streak spacing of an incipient spot depends on the initial disturbance causing it, but is typically of
a size comparable to the boundary layer thickness.

A critical part of the experimental set-up is the leading edge of the plate. A slightly non-uniform
pressure distribution at the leading edge can have a substantial effect on TS-wave amplification (see
Klingmann et al., 1993). The effect of different leading edge bluntness in the presence of FST was
investigated by Kendall (1991). It was found that the amplitude of waves in the TS-wave frequency
band was much higher in the case of a blunt leading edge, while the amplitude of the low frequency
perturbations was not affected. The generation of turbulent spots at the leading edge is also
affected by the shape and the pressure distribution at the leading edge, where small (unstationary)
separation bubbles will favour the formation of turbulent spots. This was studied in an experiment
by V.E. Kozlov et al. (1990), where local separation was attenuated by a small negative angle of
attack, resulting in a downstream movement of the transitional Reynolds number. By rounding



the leading edge, the same effect could be obtained at a smaller negative angle of attack.
An observation made at the Lausanne Workshop is the sensitivity to the specified free stream

characteristics. The structure of grid-generated FST depends on the free stream velocity and flow
quality upstream of the grid, the grid geometry, as well as on how the grid is installed. In most
transition experiments, the turbulence level is described in terms of the rms-level and the spectral
distribution of the streamwise velocity component (u) in the free stream. In a numerical study
by Yang k Woke (1990), different free stream conditions were imposed, and it was found that free
stream fluctuations in the pressure (p) and normal velocity (v) are the most efficient in exciting
perturbations in the boundary layer, whereas fluctuations in the streamwise velocity (u) are rather
harmless. Unless the FST is isotropic, the scales and intensity of the v-component can not be
obtained from the frequency spectrum of u. If the grid is installed in the settling chamber, as in
the experiments of Kendall (1985,1990,1991) and Suder et al. (1988), the streamwise fluctuations
are suppressed more efficiently than the transverse fluctuations when the flow passes through the
contraction. This gives an anisotropy in the FST, which decays along the test section. In such a
case, it is necessary to study the cross stream scales, in order to asses the precise characteristics of
the FST.

2 Experimental set-up and measurement technique

The experiments were performed in the MTL (Minimum Turbulence Level) wind tunnel at the
Royal Institute of Technology (KTH), Stockholm, Sweden. It is a closed return tunnel, with a 7 m
long test section of 0.8 x 1.2 m cross section, preceded by a contraction with ratio 9:1. One of the
particular features of this tunnel is the low level of free stream turbulence in the test section, where
the intensity of the streamwise velocity fluctuations is below 0.02% in the velocity interval 10-60 m/s
(see Johansson, 1992). The experimental setup as well as the measurement parameters are matched
to the experiments by Klingmann et al. (1993) for an undisturbed flat plate boundary layer flow
at zero pressure gradient - in fact some of the measurements were carried out simultaneously.

A general sketch of the setup is shown in figure 1. The experiments were carried out on a 2.16
m long flat plate (called set-up I) or a 4.22 m long plate (set-up II). Set-up I is identical to that
described in Klingmann et al. (1993). The streamwise, wall-normal and spanwise directions are
denoted z, y and z respectively. Measurements were undertaken in the region between 100 and
1000 mm from the leading edge (x = 0), at free stream speeds (Uo) between 4 m/s and 8 m/s. The
Reynolds number, defined as R = \.72y/UöxJu where v is the kinematic viscosity, was between
200 and 1260. The test section walls were adjusted to obtain a zero streamwise pressure gradient
along the plate. The pressure variations, obtained by measuring Uo near the edge of the boundary
layer, and then evaluating the pressure from Bernoulli's equation, were constant to within 1% of
the dynamic pressure along the plate.

FST was generated by a grid, installed in the test section 1.5 m upstream of the leading edge of
the plate. The mesh size and the wire diameter of the grid were 23.5 mm and 3.5 mm respectively,
giving a solidity of 0.28 (the solidity is defined as the grid blockage area over the total area). This
resulted in a fairly isotropic turbulence with a level of Tu about 1.5%. A detailed description of
the grid generated turbulence is given in section 3. With the grid installed, turbulent spots were
occasionally observed at x — 1000 mm and Uo = 8 m/s. This position can be said to correspond
to the beginning of the transition region.

The leading edge of the flat plate is one of the critical points in the design of the experiment,
since the receptivity may be influenced even by non-uniformities which are small enough to have
a negligible effect on the boundary layer development. A uniform pressure distribution near the
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Figure I: Outline of experimental set-up (a) set-up I, (b) set-up II.

leading edge can usually not be obtained using elliptic or wedge-shaped leading edges, although
careful attention to this problem can minimize undesirable effects. The presence of the grid may
enhance the tendency for the formation of a suction peak near the leading edge, and also induces
an unsteadiness of the pressure distribution. In the present setup, a smooth pressure distribution
was achieved by a special design of the leading edge (see figure 2a) in combination with a trailing
edge flap for adjustment of the stagnation line (see also Klingmann et al., 1993). The importance
of leading edge effects can be appreciated from a simple observation made during the preparations
of the experiment: When the trailing edge flap was lowered, the stagnation point moved to the
reverse side of the plate, resulting in a strong suction peak on the working side. The peak level was
about 10% of the dynamic pressure, and affected the region x < 200 >nm. With the grid installed,
the flow was then hilly turbulent already at x = 500 mm and UQ = 8 m/s. After adjustment of the
flap, the transition point was moved downstream of the last measurement position (x = 1000 mm).

Figure 2b shows the pressure distribution near the leading edge in the absence of the grid, after
adjustment of the flap. The pressure coefficient, defined as

PO-Pre/

where p is the local static pressure, pre/ the static pressure at a reference point on the plate and po
the total pressure, was evaluated from measurements with a static pressure tube positioned in the
vicinity of the boundary layer. The pressure smoothly decreases within the first 20 mm, as the flow
accelerates from the stagnation point. The pressure distribution was only slightly affected by the
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Figure 2: (a) Leading edge of the flat plate. Reference length L=2 m. (b) Distribution of the
pressure coefficient (Cp) along the plate. Reference position z = 250 mm. Static pressure tube
traversed at (o) y = 5 mm, (+) y = 2 mm.

presence of the grid. After inserting the grid, a small decrease in the pressure (ACP < 1.5%) was
observed within the first 25 mm from the stagnation point. Compared to set-ups reported in other
studies, the departure from a perfect zero pressure gradient near the leading edge is quite small,
and it is also confined to a smaller region. For instance, in the set-up of Arnal k. Juillen (1978) the
leading edge of their body of revolution gave a suction peak of 10%, and Roach & Brierley (1992)
report pressure deviations amounting to about 3% on the wedge-shaped leading edge used in their
experiment.

The streamwise and normal velocities were measured with constant-temperature hot-wire anemome-
ters, using both single and cross wire probes. The single wires were made of 5 fun platinum wire
with a sensing length of 1 mm, operating at 60% overheat, and calibrated with a Prandtl tube in
the free stream. A calibration function of the form

U = kx{E7 - El)*'» + k2(E - Eo)l/2

was used, where E and EQ are the anemometer output voltages at the velocities U and zero
respectively, and k\, k2 and n are constants to be determined for the best fit to the calibration
data. The value of n is usually close to 0.5. The second term represents the contribution from
free convection at low velocities, and makes it possible to extrapolate the calibration curve to
low velocities. A cross-wire probe, used for measurements of both the streamwise and transverse
velocity components in the free stream, was made of 2.5 /on wires and had a measurement volume
smaller than 0.5 mm in side length. The probe was calibrated at different angles and flow velocities,
from which u and v were calculated, and a voltage pair {EI,ET) was obtained at each calibration



point. Two third degree polynomial surfaces were then fitted to the calibration data, giving u and
v as functions of (E\, £?).

Temperature variations within 1° were accounted for by compensating the output voltage from
the anemometer by a factor

Ecorr —

where E and Emr denote the measured and corrected voltages respectively, T, is the sensor tem-
perature, Tf is the fluid temperature and AT is the temperature drift.

The probes were traversed in the following two different ways. In set-up I the probe was
supported by an 82 mm long rod and was traversed in the y-direction (normal to the wall) by
means of a wedge mechanism moveable with a micrometer screw and operated via a speedometer
wire from outside the tunnel. The accuracy of the hot-wire position with this mechanism was about
0.02 mm. In some later measurements (setup II) a newly constructed traversing mechanism made
it possible to traverse the probe in all three directions with an accuracy of 0.01 mm. This system
was used for all X-wire measurements. In order to avoid interference between the trailing edge flap
and the traversing mechanism, the initia! plate was prolonged with an extension plate to a total
length of 4.22 m.

3 Characteristics of the free stream turbulence
In order to investigate the boundary layer receptivity, it is necessary to have a good characterization
of the FST. Its structure depends on several parameters, for instance the free stream velocity and
flow quality upstream of the grid, on the geometry of the grid and on how it is installed. The low
level of background turbulence and sound in the MTL wind tunnel allows a good control of the
free stream conditions. The grid was placed in the test section, 60 mesh widths upstream of the
flat plate leading edge. Grid generated turbulence is usually assumed to become isotropic after 20
mesh widths, however, some studies indicate that a small anisotropy may survive over 400 mesh
widths downstream (see Groth k Johansson, 1988, for a more extensive discussion), and this was
also found to be the case in the present set-up. This affects the ratios between u and v, and between
the transverse and longitudinal turbulent scales. The interest is here focussed on the Taylor micro
scale and the integral scale, which may be assumed to be the most relevant for the boundary layer
receptivity.

The turbulence level Tu is here defined as Urm*,o/Uo, where ihmtfl is the rms-level of u in the
free stream, measured close to the leading edge (x = 0). Tu was 1.5% at Uo — 8 m/s and 1.35%
at Uo = 4 m/s, and its variation with Uo was approximately linear within this velocity range.
Figure 3a shows the spectral density of u for Uo — 4 and 8 m/s, plotted versus the non-dimensional
frequency F, defined as 2itfv • Mfi/U$. The spectral density (E) is here defined as the spectral
power normalized by 0.51/Q AF (AF is the frequency resolution), and is therefore independent of
the sampling parameters. From figure 3a it is clear that the relative energy distribution is shifted
slightly towards higher F when the velocity is decreased. The turbulent scales can be compared
by looking at the autocorrelations of u (Auu) for the two velocities (figure 5b). Using Taylor's
hypothesis, the time separation (At) was translated into a longitudinal space separation (Az) by
multiplication with Uo- The correlation functions are quite similar for both velocities, indicating
that there are only minor differences in the turbulent scales.

Figure 4a compares the spectral density of the u and v fluctuations in the free stream, measured
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Figure 3: (a) Free stream spectra and (b) autocorrelation of u at x = 0. (---) Uo = 4 m/s,
(—) Uo = 8 m/s.

with an X-wire probe at x = 0 and Uo = 8 m/s. In agreement with the theory for isotropic
turbulence, the energy of u is shifted to lower frequencies than the v-spectrum. In order to assess
the degree of isotropy and the typical transverse scales in the free stream, the FST was investigated
in more detail at Uo = 8 m/s. A relevant test of the isotropy of the scales is to compare the spatial
correlations in different directions. Two-probe cross-correlations of u were measured in the free
stream at x = 500 mm, using separations in both y and z. This gives the transversal correlation in
the crossflow directions. These results are shown in figure 4b together with the autocorrelation of
v, obtained from the frequency spectrum. By using Taylor's hypothesis, the autocorrelation curve
can be interpreted as a transversal correlation in the streamwise direction. The good agreement
between the three correlation curves shows that the fluctuation scales are near isotropic. The
autocorrelation of u, which is the same as shown in figure 3b, is also shown for reference.

The turbulent micro scale r (Taylor time scale) gives an estimate of the smallest energetic eddies
in the turbulence. It can be estimated directly from the autocorrelation, but here it was calculated
as the ratio between the turbulent rms-fluctuations and their time derivatives,
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and similarly for the v-component. This expression can be derived from a Taylor series expansion
of the correlation function (c.f. Hinze, 1975). du/dt was approximated by Au/At and successively
decreasing At (increasing the sampling frequency) until a limit was reached where cancellation
effects became visible. r£ was then obtained from extrapolation to the limit At -» 0, by fitting a
second degree polynomial to T* as a function of At. At z = 0, the longitudinal and transverse micro
scales were calculated to ru = 0.87 ms and TV = 0.57 ms(U0 = S m/s), which gives a ratio of 1.53.
The theoretical ratio for isotropic turbulence is y/2 = 1.41. The corresponding transverse length
scale (Av) is 4.6 mm. As a consequence of the dissipation of the smallest scales, the length scales
increase downstream. At x - 500 and 1000 mm, the values of K are 5.2 and 5.9 mm respectively.

The integral length scales (Au and Av), are usually calculated by integrating the autocorrelation
functions shown in figure 4b over all separations. However, the integrated values are often ambigu-
ous, because the autocorrelation curve is easily affected by long time fluctuations in the mean
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v» locity, resulting in different integral length scales depending on the chosen sampling parameters.
This problem is most evident in the xi-correlation. Another possibility is to extrapolate the energy
density spectra E(F) to F = 0. The integral time scale is then obtained as E(0) normalized with
t£m», but also with this method there is a significant arbitrariness when the extrapolation is carried
out. By extrapolating the v-spectra, Av was estimated to be within 7-10 mm along the flat plate,
and the corresponding Au was 2 to 3 times larger. The rather small ratio between integral and micro
scales (Av/A») may be explained by the small turbulent Reynolds number (Re\ = un<u \ />' ~ 40).

The downstream development of the free stream fluctuations (umu,o and Vrm*,o) are shown in
figure 5. The typical power-law decay can be described in the form

Urmsfl/Uo = C(X - Xof,

where Xo is a virtual origin. A curve fit of this form to the data measured at i > 0 gave an exponent
6 = —0.62, in fair agreement with other investigations of grid generated turbulence, e.g. Baines
k Petersen (1951) obtained b = -0.71(-5/7) and Groth k Johansson (1988) b = -0.5. If it is
assumed that the decaying turbulence can be described by the k-c model, the exponent can easily be
derived if the turbulent diffusion terms are neglected. This would give an exponent of-0.54 for the
empirical coefficient da = 192(6 = 0.5/(1 - da)). A smaller exponent is obtained if data measured
upstream of the leading edge are included, since these are more affected by the anisotropic region
near the grid. The ratio between Urm»,o and Urm,,o has an approximately constant value of 0.9 along
the measured region, indicating a minor degree of anisotropy. For comparison, in the experiments
of Roach k Brierley (1992), this ratio was reported to be equal to one to within 0.5%.

0.04 -

1500 2000

o, (—) decayFigure 5: Downstream decay of FST for UQ = 8 m/s. (o) Urm»p/Vo, (+)
curve according to Vrm$fl/Uo = C(x - xo)b with b = -OM, xo = -871 mm.

In summary, despite the good agreement between the correlations in all three transverse direc-
tions (figure 4b), careful inspection of the parameters studied above (i.e. the ratios vrm»,o/t»rm*,o
and TU/TV, as well as the exponent b), reveals a minor degree of anisotropy in the present set-up.
At 8 m/s, typical transverse scales in the free stream range between 4.6 mm (Taylor's micro scale)
and 10 mm (integral or macro scale). At 4 m/s, the value of Tu is almost the same. By comparing
the autocorrelations of u at 4 and 8 m/s (see figure 3b), the turbulence scales are estimated to be

10



approximately equal at both velocities. On the other hand, the boundary layer thickness at a given
R is >/2 times larger at 4 m/s than at 8 m/s. This means that the relative size of the free stream
eddies compared with the boundary layer thickness are smaller at 4 m/s, a factor which may be of
importance for the receptivity of the boundary layer to fred stream disturbances.

4 Structure of the boundary layer perturbations

In this section we will describe the effect of FST on the mean and fluctuating velocities upstream
of the onset of transition. Results from measurements at different R are presented and compared,
allowing some conclusions to be made about the downstream development and scaling of the per-
turbations induced by FST. The measurements at 4 m/s were made in set-up I, which is identical
to that reported by Klingmann et al. (1993), whereas the measurements for 8 m/s were obtained in
set-up II. At far downstream positions, turbulent spots occurred occasionally. Since the objective
of the present study is to document the laminar boundary layer development, sampling records
affected by the passage of turbulent spots were rejected.

4.1 Mean velocity characteristics of t he boundary layer subjected to free s t r eam
turbulence

Mean velocity profiles were measured with an equidistant y-step of 0.1 mm. The distance between
the surface and the first {/-position was estimated by linear extrapolation of the near wall part of the
profile, after discarding points visibly affected by heat conduction to the wall. The boundary layer
characteristics (i.e. the displacement thickness 6*, the momentum loss thickness 0, and the shape
factor H = 6*/0) were then evaluated by numerical integration according to Simpson's formula.
The accuracy in the value of H obtained from this procedure was estimated to be within ±0.5%, but
this error does not include possible inaccuracies in the hot wire calibration. Comparisons between
profiles measured with different calibrations indicated that the inaccuracy in the evaluation of H
may be slightly larger. However, this error limit is well below the observed differences between the
cases with and without grid.

Figures 6a and 6b compare boundary layer profiles measured with and without the grid at
x = 450 mm. The y-coordinate is normalized with the measured value of 6*, given in Table 1. The
undisturbed boundary layer has characteristics close to an ideal Blasius flow, whereas the boundary
layer subjected to FST shows small but significant deviations. The difference between the velocities
measured with and without the grid (AU/Uo) at x = 450 mm are shown in figures 6c and 6d, and
it amounts to about ±1%. At both free stream velocities, the presence of the grid gives profiles
with larger mean velocity close to the wall, whereas there is a velocity deficit in the outer part
of the boundary layer. The perturbed boundary layer profile is qualitatively similar to the profile
shape obtained from a negative pressure gradient with the same shape factor. In figures 6c-d, the
measured deviations are compared with the difference between a Falkner-Skan profile and a Blasius
profile, showing that the measured deviations are found slightly further out in the boundary layer.
This was found to be a general trend at all Reynolds numbers studied, and irrespective of whether
the comparison is made at a given y-position or at a given y/6*.

The downstream development of the mean velocity profile at 8 m/s is shown in figure 7a,
together with the corresponding Blasius profiles. Three different x-positions are shown: x = 100,
500 and 1000 mm. A systematic development towards a fuller profile can clearly be observed,
whereas the boundary layer thickness is only slightly affected. The maximum in AU/Uo increases
with R, and amounts to 3-4% at x = 1000 mm. Figure 7b shows profiles of AU normalized with
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Figure 6: Mean velocity profiles at x = 450 mm for (a) Uo = 4 m/s and (b) Uo = 8 m/s: (x), with
grid, (o) without grid. Solid lines are Blasius profiles. Velocity changes (AU) due to free stream
turbulence at x = 450 mm for (c) Uo = 4 nr./s and (d) t/b = 8 m/s. Solid lines show the difference
between Flalkner-Skan (with same shape factor as measured profile) and Blasius profiles.

X
(mm)

450 without grid
450
450 without grid
450

Uo
(m/s)

4.1
4.0
8.0
8.1

6*
(mm)

2.27
2.23
1.560
1.553

Ref

623
587
827
834

1.72v7tea

605
592
840
846

H

2.58
2.55
2.58
2.53

Table 1: Boundary layer characteristics.
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+ x=100(R=400)
o x=5OO(R=89O)
• x=100O(R=126O) (a)

u/u0

(b)
X x=250(R=630)
O x=500(R=890)
D x=800(R=1120)

x=1000(R=1260)

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

Figure 7: (a) Mean velocity profiles with grid at UQ = 8 m/s. Solid lines are Blasius profiles,
(b) Nonnalized mean velocity deviations compared with Blasius.

x UQ 6* Res>
(mm) (m/s) (mm)

H

100
250
500
800
1000

8.0
8.0
8.0
8.0
8.0

0.715
1.125
1.573
2.044
2.251

381
600
839
1090
1200

397
628
888
1124
1256

2.61
2.54
2.48
2.43
2.41

Table 2: Boundary layer characteristics.
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its minimum value, and the shape is fairly selfsimilar at all measured stations.
The values of H corresponding to figure 7 are given in Table 2, and their variation with R

is plotted in figure 8, showing that the shape factor decreases linearly with R. The slope is the
same both at 4 m/s and 8 m/s, suggesting that thn downstream evolution of H may be insensitive
to the details in the free stream conditions. The changes in H are mainly due to a downstream
decrease in 9 in comparison with the Blasius case, whereas 6*/1.72y/vx/U0 is fairly constant. This
observation is also consistent with the measured shape of AU (figure 7b). Integration of AU over
the boundary layer thickness gives approximately zero for all profiles, i.e. the FST does not change
the mass flow in the boundary layer compared with a Blasius profile. Although the value of H
at R = 1260 (z = 1000 mm) is as small as 2.41, this point can still be considered as upstream of
the onset of transition, even though turbulent spots occur occasionally. It should be noted that
the deviation from the Blasius flow is not due to turbulent intermittency, but reflects the motion
of large scale structures embedded in the boundary layer. The clear difference between these non-
turbulent structures and turbulent spots will become evident from the study of the boundary layer
fluctuations in the following subsection.

H

2.60

2.50

2.40

1
1

1
1

1
1

1
1

1
1

1

1.

: 1 . . . 1 . . . . 1 I . . . 1 . .
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1
 

1
 

1
 1

 1
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1
 1

250 500 750 1000

R

1250 1500

Figure 8: Downstream development of the shape factor H. (A) U0=4 m/s, (A) Uo = 8 m/s.

4.2 Fluctuating velocity

In order to gain more insight into the nature of the boundary layer perturbations caused by FST,
the u-fluctuations were analyzed at several downstream positions and for two different free stream
velocities. Figure 9a shows profiles of xirm. for Uo = 4 m/s. Near the boundary layer edge, the
amplitude is approximately equal to that in the free stream, and it decreases slowly from 1.35%
at the leading edge to 1.1% at x = 650 mm (R = 715). In contrast, inside the boundary layer
the fluctuations are several times larger, and they increase with downstream distance to a value of
about 5% at R = 715. The rms-profile scales approximately with 6*, and its maximum (urm#,m<w)
is near y/6' = 1.4. At 8 m/s and Tu = 1.5% (figure 9b), the shape of the rms-profile is similar, but
with the maximum slightly closer to the wall, y/6* = 1.2. While the rms-values at the boundary
layer edge is slowly decreasing, the boundary layer fluctuations increase to 11% at x = 1000 mm
(R * 1260). The variation of Urm.,tm>x/Uo with x is shown in figure 10 for both velocities. It can
be seen that urmåmax varies linearly with R} but the slope is different for the two cases. Also if
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Urms,max is scaled with Tu and UQ, there is a larger growth rate for the higher free stream velocity.
This may indicate a change in the receptivity to FST when the free stream velocity is changed, due
to a change in the relative size of free stream and boundary layer scales.

Figure 11 shows frequency spectra at different y-positions measured at z = 500 mm and UQ = 8
m/s. The spectra correspond to the middle of the boundary layer (where Urms is maximum), the
near wall region (where TS-waves would have their maximum), and in the free stream. Whereas the
free stream energy is smoothly distributed over frequencies up to several hundred Hz, the energy
distribution in the boundary layer is strongly concentrated at low frequencies, and this is seen
more clearly when the wall is approached. This may be interpreted as that the boundary layer
selectively amplifies low frequency fluctuations from the free stream. Another view, which will
be substantiated in the following, is that the perturbations entering the boundary layer at some
upstream position are continuously elongated by the mean shear, leading to stretched structures,
which are seen as low frequency fluctuations. Higher frequencies may be the result of random
motions of such structures. Suppose that the structures move at a velocity equal to the local mean
velocity at Umw.nmx, ie . about 0.7UQ. A frequency of 100 Hz at 8 m/s would then correspond to
a structure with a length of 55 mm, and 10 Hz would correspond to 0.55 m, i.e. the order of z.
It should also be emphasized that the previously described boundary layer disturbances are not
influenced by turbulent spots. If measurements are carried out without spot sorting in the region
of transition onset, the boundary layer spectra will show an increase in energy over all frequencies,
and the corresponding rms-profile will show a large amplitude maximum near the ./all due to the
turbulent spots.
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Figure 11: Energy density spectra for u at different wall-normal positions at x = 500 mm, Uo=8
m/s (R = 890). (—) free stream, (---) middle of the boundary layer, (• • •) near wall region.

Figure 12 shows profiles of the energy contributions to urm* from selected narrow frequency
bands. Two z-positions are shown, x = 500 mm and x = 1000 mm for Uo = 8 m/s. With increasing
frequency, the energy maximum with respect to y is shifted further out in the boundary layer. This
is in agreement with observations made by Kosorygin et al. (1982) under similar conditions. This
monotonous trend suggests the existence of a specific type of structure, rather than a combination
of modes. The frequency band F = 75 represents typical TS-wave frequencies at these Reynolds
numbers, and its shape displays no special features in this context. Its maximum is in the outer
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Figure 12: Profiles of fluctuating energy in frequency bands at Uo = 8 m/s. (a) x = 500 mm,
(R = 890), (b) x = 1000 mm(f i= 1260).

part of the boundary layer, and there is no evidence of a near wall maximum typical for TS-waves.
However, this observation does not allow any conclusion about the existence or non-existence of TS-
waves. At the present level of FST, it would be impossible to detect naturally occurring TS-waves
by merely looking at rms-spectra, since these are dominated by other fluctuations with much larger
amplitudes. Another interesting observation is the downstream increase of the energy close to the
boundary layer edge for higher frequencies. This is most evident in the profiles for F > 75, where
the energy maximum is approximately constant at the two downstream positions, while the energy
at y/6* « 3 shows a significant increase. This is also consistent with oscilloscope observations,
where higher intermittency was observed close to the boundary layer edge.

As seen in figure 12, most of the energy is concentrated at F below 30, whereas the energy
at higher frequencies gives only small contributions to Urm*- For F > 220, the energy inside the
boundary layer does not exceed that in the free stream. The downstream growth of Um, is mainly
due to an increase of energy at F below 30, whereas it is almost constant for higher frequencies.
At the tirm,-maximum with respect to y, the energy in the band F = 7.5 is seen to increase by
a factor of 3 between the two x-positions. (For comparison, the free stream energy in this band
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is approximately constant). The timu plots in figure 12b show that the corresponding increase in
the total energy is only a factor of 2, which means that energy is redistributed from high to low
frequencies. If the low frequency components are supposed to represent the motion c' longitudinal
streaks in the boundary layer, it rnaans that the streaks not only grow in amplitude but also
elongate as they travel downstream. The redistribution of energy to lower frequencies is seen
more clearly in figure 13, which shows the ratio between the upstream and downstream energies
(£<|x=iooo/£*|*=soo), where Et(F) is the fluctuating energy at the frequency F (v$) integrated
through the boundary layer (6 was here taken as 10 mm at both positions):

The energy increase at low frequencies is partly compensated by a decrease at F between 30 and
60, while the energy at higher frequencies is constant.
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Figure 13: Ratio of the fluctuation energy integrated across the boundary layer at x
{R = 1260) and x = 500 (R = 890). Uo = 8 m/s.

= 1000

The spanwise distribution of the boundary layer perturbations can be assessed by measuring
the correlation between two hot-wires displaced in the spanwise direction. Previous authors (cf.
Kendall, 1985; Kosorygin & Polyakov, 1990) have observed a clear anti-correlation at a certain
spanwise probe separation, approximately the size of the boundary layer thickness. Visualizations
by Kendall, showed spanwise streak formations separated about twice the distance of the measured
minimum in the spanwise correlation. This gives a clear indication of the existence of longitudinal
streak structures in the boundary layer, and the measured scale corresponds to half of their average
spacing. Figure 14 shows correlations obtained in the present set-up at x = 500 (R - 890) and
x = 1000 {R = 1260), and they were measured at the ^-position where Urm$ has a maximum (the
corresponding correlation in the free stream is also included for reference). The correlations reaches
a value of —0.3 at a spanwise separation of about 5.5 mm at R = 890 and 6.5 mm at R — 1260.
This is of the order of the boundary layer thickness (4.8 and 6.8 mm at the respective x-positions),
but also matches the transverse scales of the free stream turbulence (Av = 5.2 and 5.9 mm, and
Av * 7 - 1 0 mm at both positions). The ratio between the spanwise scales in the boundary layer
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is smaller than the ratio between the boundary layer thickness at the two positions, but slightly
larger than the ratio between the micro scales. Hence, from the present measurements it is difficult
to draw any conclusions about what determines the spanwise scales.
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Figure 14: Spanwise correlations in the boundary layer, measured close to the maximum of t w , for
C/o = 8 m/s: (o) i = 500 mm {R = 890), (•) z = 1000 mm (R = 1260). (+) Spanwise correlation
in the free stream (x = 500 mm)

5 Discussion and comparison with other experiments

The results presented above will be compared with results obtained by other authors at different
free stream conditions, so that further conclusions can be drawn about the parameters involved in
the receptivity of the boundary layer to FST. The modification of the boundary layer mean velocity
in the presence of FST was found to give an increase in the wall shear stress, and a velocity defect
in the outer part of the boundary layer. Only few authors have previously reported measurements
of U in the laminar region upstream of the onset of transition, and different observations are
in disagreement. In the experiment of Kendall (1985), FST was generated with vertical rods
placed in the stagnation chamber, giving a turbulence intensity Tu of 0.12% in the test section
(the intensity in v was probably larger due to the suppression of u in the contraction). At/ was
evaluated from measurements made with the grid first present and then absent. Kendall reported
a deviation of about 1.5%, measured at R = 1685. The y-distribution of At/ given by Kendall is
quite different from that found in the present experiment - it shows a velocity deficit throughout
the boundary layer (not only in the outer part), which means that the wall shear stress is smaller
than in the undisturbed boundary layer. The results of Roach k Brierley (1992) do not allow a
direct comparison of the mean velocity profiles with and without the grid installed. However, the
mean profiles obtained in the T3A and T3AM test cases {Tu = 3% and 1% respectivelty) were
compared with a Blasius profile, showing qualitatively the same mean flow deviation as in the
present experiment. Also in experiments by Dyban, Epik & Suprun (1976), carried out at different
Tu ranging from 0.3% to 12%, a clear increase of the wall shear stress was observed, as well as a
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velocity deficit in the outer part of the boundary layer.
In the present experiment, the shape factor was found to c »crease linearly with A at a rate

independent of the free stream velocity. The same conclusion can be drawn by comparing the shape
factors measured by Arnal k Juillen (1978) and Roach & Brierley (1992) which were measured at
almost the same level of Tu (0.85% and 1% respectively), but at different Uo. Their //-values
are plotted in figure 15 together with the values obtained here and those of Roach & Brierley for
Tu = 3%. The decrease in H within the laminar region is seen to depend mainly on Tu, and not
strongly on the detailed structure of the FST.

H

1000 2000 3000

Figure 15: Comparison of the downstream development of the shape factor (H) in different exper-
iments. Present results: (A), (70 = 4 m/s, Tu - 1.35%, (A), Uo = 8 m/s, Tu = 1.5%. T3A (Roach
& Brierley): (»), Tu = 3%, (D), TU = 1%. Arnal & Juillen: (o), Tu = 0.85%

A comparison of measurements of the fluctuations in the boundary layer with previous authors'
results shows qualitative agreement. The dominance of low frequencies inside the boundary layer,
as well as the downstream growth of Urm* has been observed by most authors, in accordance with
the present results. For a large range of Tu, the Urm» distributions obtained in different studies
have approximately the same shape, and the y-position of Urmt,max is found to be slightly below
the middle of the boundary layer. Its exact position, as well as the rate of downstream growth
depends on Uo (and thereby probably on the structure of the FST).

Inspection of the data given by Arnal & Juillen (1978), Kosorygin et al. (1982), and the T3A
and T3AM test cases shows a linear increase of Urm»,max with R, as also observed in the present
experiments. However, when comparing results obtained with different types of FST, it is clear that
there is no simple relation between the level of rms-fluctuations inside and outside the boundary
layer. Figure 16 shows the variation of Urm»,max/{Tu • Uo) with R for the studies quoted above
(i.e. the ratio between the u-fluctuations inside and outside the boundary layer). The rate of
growth of this quantity, i.e. the slope of the straight lines connecting the data points for each set
of measurements, is of the same order of magnitude in all experiments, showing a general trend for
the growth rate of Urmi/Uo to increase with Tu. However, it can be seen that different experiments
with similar FST-levels show quite different growth rates. Some of the parameters used in these
experiments are listed in Table 3, together with the approximate location of the transition onset
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500 1000 1500 2000 2500

Figure 16: Comparison of the downstream growth of Urm«,max/(Tu • Uo) in different experiments.
Present results: (A), Uo = 4 m/s, Tu = 1.35%, (A), Uo = 8 m/s, Tu = 1.5%. T3A (Roach k
Brierley): ( • ) , Tu = 3%, ( D ) , TU = 1%. Arnal k Juillen: (o), Tu = 0.85%, (e), Tu = 0.12%.
Kosorygin et al.: (+), Tu = 1.4%, (*), Tu = 3.2%.

Arnal k Juillen (1978)
No grid
Gridl
Grid 2

Roach k Brierley (1992)
T3AM
T3A

Present results
8 m/s

Suder et al. (1988)
grid 0.5
gridl
grid 2

Tu
(%)

0.12
0.85
1.1

1
3

1.5

0.65
0.9
2

M
(mm)

2.3
3.1

4.2
25.4

23.5

(22.4+screen)
22.4
65

UQ

(m/s)

29
29
29

19.8
5.4

8.0

30.5
30.5
30.5

RT

2250
2450
1500

2100
600

>1300

1200
1200
<850

• " 7 " " at Är
(%)

1.5
5.5
7

7.5
11

>11

5.5
6.5
9

Table 3: Comparisons of different experimental studies.
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(ÄT) and the corresponding maximum in the ttmu-kvel. As observed, both RT and Umw.mai show
large differences between the experiments, although the experimental parameters are quite similar
in some cases.

The existence of a well defined spanwise scale has also been observed in several studies. This
scale can be interpreted as the average spacing between longitudinal structures in the boundary
layer, and it would be of interest to clarify if it is determined primarily by the free stream conditions,
or by some mechanism inherent to the growth of these structures inside the boundary layer. This
is, however, not possible to deduce from the present data, since the spanwise scale inside the
boundary layer approximately matches both the typical turbulence scales in the free stream and
the boundary layer thickness. Unfortunately, this is also the case in the experiment by Kendall
(1985). He presented spanwise correlation functions of u inside and outside the boundary layer at
R = 1740. The maximum of the spanwise anti-correlation inside the boundary layer was found at
Az « 10 mm, and the boundary layer thickness was about 6.5 mm, which is close to the values
obtained here at R = 1260. From the spanwise correlation of u in the free stream, the transverse
scales can roughly be estimated to 4 and 5 mm (micro and macro scales respectively), which is
smaller than in the present set-up. The ratio between boundary layer scales and free stream scales
is then 2-2.5 compared with about 1 in the present case. The fact that similar scales were found
inside the boundary layer in both experiments despite the disparity in free stream scales, indicates
that there is no direct correspondence between the boundary layer and free stream scales. This is
also consistent with an observation of Arnal & Juillen (1978), that the free stream turbulence is
poorly correlated with the boundary layer fluctuations.

An important observation to be made from Table 3 is the fact that Urm*,max is poorly correlated
with the onset of transition. This seems to indicate that the low frequency fluctuations which
dominate Urm« are not directly responsible for transition. It can also be seen that the value of Tu
is not sufficient to predict the onset of transition. This may to some extent be due to effects which
are not directly related to the free stream turbulence itself. One such effect might be the leading
edge conditions. In the present study, inappropriate leading edge conditions were found to result in
a substantial upstream movement of the transition point. The pressure distribution in the presence
of the grid is not reported in any of the studies quoted here, but its influence may be appreciated
from the value of the shape factor. In most experiments, H is above the Blasius value at upstream
positions (see figure 15), which can be the effect of a suction peak near the leading edge. In the
experiments by Suder et al., a maximum variation in Cp below 4% was reported, however, the most
upstream velocity profiles in their "0.5-grid" case have shape factors above 2.7. Hence, leading
edge effects may have been a major reason for the rapid transition observed in their experiments.

6 Summary and conclusions

The above observations can be summarized as follows:
(i) The boundary layer perturbations, both in the mean (Al/) and the fluctuating (ttrm*) velocity

field, have a self-similar shape at all R. The shape factor decreases linearly with R, at a rate which
depends on Tu, but does not seem to be strongly correlated with the detailed structure of the free
stream.

(ii) The u-perturbations inside the boundary layer are dominated by large scale, narrow struc-
tures, which grow downstream both in length and amplitude. Their streamwise scale is much larger
than typical longitudinal scales in the free stream. tirmi/Uo grows at a rate proportional to R, and
in general, the growth rate increases with Tu, but depends also on other free stream parameters.
There seems to be no direct relation between the value of Urm$/Uo in the boundary layer and the
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point of transition onset.
(iii) The spanwise scale of the boundary layer perturbations is comparable to the transverse

scales in the free stream, however, no direct relation can be established from the available data.
Its downstream increase is faster than that of the free stream scales, but slower than that of the
boundary layer thickness.

It is not clear to what extent the development of boundary layer fluctuations are due to the
dynamics inside the boundary layer, and to what extent they are the result of a continuous forcing
from the free stream along the boundary layer edge. In future experiments, it is important to give
an extensive description of the free stream characteristics. To be able to find correlations between
FST and transition, it is necessary to measure both the u- and v-components in the FST. It is also
important to have an unambiguous estimate of the turbulent scales, to be able to compare different
experiments. For instance, it may be possible to conclude something about the spanwise selection
mechanism if the FST-scales are compared with the scales in the boundary layer. Experimental
set-ups, in which these scales are of clearly different sizes, could be of particular interest.

The observed low frequency structures are similar to the 'puff* observed by Grek et al. (1985)
and the 'incipient spot' studied by Klingmann (1992), e.g. their downstream growth is algebraic (as
opposed to the exponential growth of e.g. TS-waves), and their spanwise scale varies more slowly
than the boundary layer thickness. This indicates that their development may be governed by
the linear mechanism suggested by Gustavsson (1991), Klingmann and Henningson et al. (1993).
The similarity betweeen the two cases is not unexpected, since free stream eddies entering the
boundary layer may be thought of as localized transient disturbances, which develop in the same
way as disturbances initially confined to the boundary layer. Transient disturbances are known
to devlop into elongating streak structures in the boundary layer, which decay unless the initial
amplitude exceeds a threshold level. However, observations by Grek et al. (1991) show that TS-
waves generated by a vibrating ribbon can interact non-linearly with these structures, resulting in
the formation of turbulent spots.

Although the amplitude of the low frequency perturbations amounts to several percent down-
stream, the amplitude is poorly correlated with the onset of transition. This indicates that a
transition criterion can not be obtained only from information about the longitudinal structures in
the boundary layer. The question can only be answered by taking into account different possible
routes to transition and an understanding of their relative importance. Experiments with con-
trolled 'model' disturbances, as well as parametric studies using theoretical and numerical models,
are therefore necessary. In an accompanying paper (Part II), the effect of Tollmien-Schlichting wave
instability in the present flow is investigated, showing that non-linear interaction may occur also
for low TS-wave amplitudes.
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