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ABSTRACT

In the present experimental study, the effect of holes on
the transition of an incompressible boundary layer was
investigated. Two configurations of the symmetric pro-
file ONERA-D at a fixed angle of attack were tested: one
with zero-, and the other with 60°-sweep angle. These
two configurations enabled to study the interaction of
holes with either a highly stable (no sweep) or unstable
(with sweep) boundary layer. Overall, although some dif-
ferences between configurations were observed, the main
findings from this study were applicable to both. In par-
ticular, no gradual upstream shift in transition position
occurred as either hole diameter d or depth h were varied:
once critical dimensions (for which transition position
was immediately downstream of the hole) were reached,
transition abruptly moved from the baseline location to
that of the hole. Next, characterising hole geometry us-
ing the aspect ratio h/d proved to be useful in determin-
ing a threshold across which boundary layer sensitivity
to holes was modified. Finally, holes with h/δ1 ≥ 2, and
d/δ1 ≥ 25 tended to trigger transition immediately down-
stream of their location.

1. INTRODUCTION

Aircraft fuel consumption can be significantly reduced by
decreasing skin-friction drag of lifting surfaces through
laminar-turbulent transition delay. One approach is to de-
sign airfoil profile geometries that use favourable pres-
sure gradients to stabilise the boundary layer: the result
is Natural Laminar Flow (NLF) profiles. Although us-

ing profile geometry to achieve a desired performance is
not new, improvements in both the design tool chain and
the manufacturing process allow NLF profiles with large
extents of laminar flow to be considered as serious candi-
dates for commercial applications.

In this context, manufacturing tolerances need to be
defined for NLF profiles to be considered commercially
viable. Numerous investigations, both numerical and
experimental, exist on the effect on transition of two-
dimensional defects, such as backward- and forward-
facing steps ([21], [20], [14], [15]), rectangular gaps
([16], [4], [22]) or bumps ([8], [9], [5]). Based on these
results, empirical criteria, often based on the defect di-
mensions and the local boundary layer thickness at the
defect location, ([10], [1]) and models ([2], [3]) were
developed. Similar studies exist for three-dimensional
defects, such as isolated roughness elements of differ-
ent cross-sections ([7], [19] [17] or [12]). However, the
equivalent work on holes is not currently available in the
open literature.

In low freestream turbulence environments, the natu-
ral path to transition, according to [13], occurs. Distur-
bances from the freestream penetrate the boundary layer
through the receptivity process and excite its primary
modes. These modes can then undergo a region of lin-
ear amplification, which can be modelled using Linear
Stability Theory; however, past a threshold amplification,
secondary instabilities develop, quickly leading to the oc-
currence of the first turbulent spot, which heralds the
onset of transition. In the following paragraphs, transi-
tion governed by crossflow (CF) instabilities is described
in a boundary layer assumed to be developing in a low
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freestream turbulence level.
In three-dimensional flow, such as a swept wing, the

primary modes (CF instabilities) are co-rotating vortices
that are amplified and aligned with the freestream di-
rection. These CF instabilities tend to undergo stronger
amplification in accelerated flow (negative pressure gra-
dient), as opposed to two-dimensional flow that is sta-
bilised under these conditions. Additionally, because of
the alignment of the CF instabilities, the transition front
has a saw-tooth pattern that corresponds to variations in
the local amplification of individual CF vortices. These
variations can typically occur as a result of localised sur-
face roughness or defects, to which CF instabilities are
highly receptive, as shown, both experimentally and nu-
merically, by [12], [6], [18].

The purpose of the present study is therefore to pro-
vide some empirical criteria on the effects on laminar-
turbulent transition of holes. Given the different be-
haviour of an accelerated boundary layer in two- or three-
dimensional flow, the experimental investigation was per-
formed on an ONERA-D symmetric profile, with holes
near its leading edge, tested at two different sweep angles
(zero and 60°). Additionally, the profile’s angle of attack
was set so as to achieve accelerated flow on the suction
side.

In the first section of this paper, the experimental fa-
cility, including the ONERA-D profile and surface defect
inserts used, are described. In the next section, the effects
of holes on laminar-turbulent transition of the unswept
profile are discussed, followed by a similar discussion
for the swept profile. Empirical criteria are then pro-
posed based on the combined results from the unswept
and swept configurations.

2. EXPERIMENTAL METHOD

In this section, the experimental facility and airfoil model
used for this investigation are described. The instrumen-
tation used, mainly hot-wire anemometry, is presented,
along with the procedure to characterise the effect of
holes on boundary layer transition.

2.1 Experimental facility and model
This experimental investigation was conducted in the
ONERA TRIN1 subsonic wind tunnel, an open-return
facility operating at atmospheric conditions. Achiev-
able freestream velocities at the test section entrance
range from 5 m.s-1 to 80 m.s-1, and the correspond-
ing freestream turbulence levels, evaluated over the fre-
quency band 50 Hz to 10 kHz, are between 0.05% and
0.15%. In the present study, freestream velocities did
not exceed 60 ms−1. At the inlet of the test section, di-
mensions are 0.35 m by 0.6 m (height x width). Over
the 2.5 m of length of the test section, the ceiling and

floor walls slightly diverge to account for the thickening
of their boundary layers.

The ONERA-D symmetric profile used for this study
has a chord length, c, of 0.35 m and a span, s, of 2 m.
Between the leading edge and 40% of the chord, fifteen
pressure taps allow monitoring of the pressure distribu-
tion. The wing section is mounted horizontally at mid-
height of the test section, as shown in Figure 1 and its
angle of attack α was set to -8° (negative angle is pitch-
ing down) to obtain continuously accelerated flow on the
upper (suction) side of the model.

With this angle of attack fixed, two configurations
were then tested. First, the two-dimensional configura-
tion where the sweep angle of the model was set to 0°,
such that transition was governed by TS instabilities. As
mentioned previously, these instabilities are considered
stable, being in a constantly accelerated flow on the suc-
tion side, as shown on the pressure coefficient distribu-
tions in red on Figure 2. As an illustration of this stable
nature of the flow, the transition position was determined
at x/c = 0.9 during a previous campaign at the same angle
of attack and at a freestream velocity of 75 ms−1. Flow
is therefore laminar and extremely stable at the location
of the inserts (x/c = 0.1) across the range of freestream
velocities presently tested.

Secondly, the three-dimensional configuration had the
profile mounted with a 60° sweep angle in order to pro-
mote transition governed by CF instabilities. In this case,
the combination of accelerated flow (as shown in blue on
Figure 2) and CF instabilities results in an unstable case.
Based on previous experiments on this identical config-
uration, the transition position was thus found to be up-
stream of the unswept case. In particular, the transition
position moved from x/c = 0.7 for a freestream velocity
U∞ = 30 ms−1 to x/c = 0.26 at U∞ = 70 ms−1. However,
and similar to the unswept configuration, flow is laminar,
but unstable, at the defect and hot-wire probing locations.

As a note, although only fifteen pressure taps are avail-
able on the current model, another ONERA-D model,
tested in 1997, was instrumented with pressures taps
along its entire chord. The pressure coefficient distribu-
tion from this past campaign, at the same angle of attack
and sweep angles, are provided over the entire chord on
the upper side as reference on Figure 2.

A metallic insert in the leading edge of the model was
fitted with a 160 mm-long metallic slot (in the spanwise
direction) that allowed to test a row of five holes at 10%
chord of the upper side, as shown in Figure 1. To avoid
interaction between the different holes, especially in the
swept configuration, a minimum distance of 35 mm be-
tween each hole was established. A set of 10 different
metallic slots were tested for a total of 50 different cylin-
drical hole geometries. Hole depth h ranged from 300 µm
to 1200 µm and diameter d from 1 mm to 8 mm. Veri-
fication measurements were performed, and showed that
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Figure 1: Overview of the ONERA-D mounted in the test section with a detailed view of the leading edge metallic insert
with a 5-hole slot.

actual hole depth was within ± 15 µm from design intent.
For purposes of clarity, hole depths will be referred to by
their design intent.

Figure 2: Pressure coefficient distribution over the
ONERA-D at α set to -8° for both unswept (φ = 0°) and
swept (φ = 60°) configurations on the upper side.

2.2 Instrumentation

Velocity measurements in the boundary layer were per-
formed using constant temperature hot-wire anemometry
(Dantec Streamline with a 90C10 CTA module and Dan-
tec 55P15 single-wire probes). After A/C coupling, the
signal from the hot-wire is low-pass filtered at 4 kHz ac-
cording the Nyquist’s law, and amplified with a gain of
10 to maximise the input range of the A/D converter. The

sampling frequency was set to 10 kHz. These sampling
and anti-aliasing frequencies were increased to 25 kHz
and 10 kHz respectively for specific measurements, such
as spectral analysis.

To characterise the effect of a hole on boundary layer
transition, velocity fluctuations at a fixed location down-
stream of any given hole were acquired. A non-calibrated
hot-wire probe was used, positioned at a constant dis-
tance from the upper surface (y = 250 µm), and freestream
velocity U∞ was gradually increased. Since the hot-wire
is fixed and usually close to the surface defect position,
a critical unit Reynolds number (based on freestream ve-
locity and ambient air density and viscosity) was deter-
mined for each defect. Note that, in the remainder of this
paper, hot-wire measurements will only be given in root
mean square (rms) of a voltage, since the probe was not
calibrated; however, voltage fluctuations are directly re-
lated to freestream velocity fluctuations. The critical unit
Reynolds number is therefore a function of the ambient
air conditions and the freestream velocity at which the
velocity fluctuations start to increase, thereby indicating
the onset of transition at the position of the hotwire.

3. EXPERIMENTAL CHARACTERISA-
TION OF THE EFFECT OF HOLES
ON TRANSITION

In the following section, the effect of individual hole pa-
rameters (i.e., diameter and depth) on transition is inves-
tigated for both configurations. Critical dimensions are
then determined to provide some guidelines on hole pa-
rameter dimensions that minimise the effect on transition

3



in a subsonic boundary layer.

3.1 Effect of holes in the unswept configu-
ration

Hole diameter was investigated for a range of hole depths.
For the zero-sweep configuration, two main behaviours
depending on the hole aspect ratio h/d were identified,
and are illustrated with the chosen depths of h equal to
400 µm and 1000 µm in Figure 3. The figure shows the
evolution of voltage fluctuations recorded by the hotwire
(located at the x/c indicated in the legend) as freestream
velocity U∞ is increased. The unit Reynolds number Reu
based on ambient air conditions and U∞ is also indicated.
The critical parameters U∞,c and Reu,c then correspond
to the conditions for which hotwire fluctuations started
to increase, indicating the presence of the first turbulence
spots and thus the onset of transition. For example, the 3
mm-diameter hole with depth h equal to 400 µm in Figure
3 has U∞,c equal to 54 ms−1 or Reu,c equal to 3.6·106.

In Figure 3 and for the 6-mm diameter hole, the
hotwire location downstream of the hole was varied be-
tween 13% and 20% of the chord to evaluate the influ-
ence of probing position on the identification of the crit-
ical unit Reynolds number (and critical freestream ve-
locity). In both cases, the critical unit Reynolds num-
ber Reu,c is approximately 3.65·106, indicating that tran-
sition moves abruptly from the reference (smooth case)
position to the surface defect position. The transition po-
sition therefore does not gradually shift towards the hole
location as freestream velocity is increased. This result
is typical of three-dimensional surface defects, which in-
troduce three-dimensional effects and promote the break-
down to turbulence of the boundary layer instabilities.
On the other hand, this behaviour is different from sub-
critical two-dimensional surface defects such as gaps or
steps that have a more gradual effect on transition posi-
tion shift.

As a note, in the present investigation, defects are con-
sidered subcritical when, under their influence, the transi-
tion position gradually moves between the smooth refer-
ence configuration and the defect location. Consequently,
defects are considered critical when the transition posi-
tion is immediately downstream of the surface defect. As
a reminder, all holes tested in this study are located at
10% chord. Therefore, the increase in streamwise veloc-
ity fluctuations measured by the hotwire at 13% chord
indicates that transition occurs close enough to the hole
position to consider that the hole is critical for the given
freestream flow condition.

Additionally, Figure 3 shows that across the range of
tested wind tunnel velocities and at the chosen hole depth
h of 400 µm, diameter does not seem to affect Reu,c,
which is approximately 3.65·106 for all cases. On the
other hand, considering cases where h is set to 1000 µm,

hole diameter has a significant effect on Reu,c. As hole
diameter increases, the Reu,c decreases. The main dif-
ference seems to be that for the data set with h equal to
400 µm, all holes had an aspect ratio h/d less than 0.2,
whereas the data set with h equal to 1000 µm had holes
with an aspect ratio greater than 0.2, as shown by the
filled symbols.

Figure 3: Variation in critical Reynolds number with
hole diameter for two chosen depths and probing location
for the unswept configuration (φ = 0°).

Next, the effect of hole depth is investigated for a se-
lection of two diameters, and shown in Figure 4. For the
smallest diameter, d equal to 3 mm, a non-monotonic be-
haviour in the Reu,c can be observed. In particular, as
hole depth increases between 400 µm and 600 µm, Reu,c
decreases, indicating that, as can be intuitively expected,
deeper holes tend to promote transition. However, as hole
depth further increases to values of 800 µm, Reu,c starts to
increase again to such an extent that the deepest hole such
that h = 800 µm has a greater Reu,c than the shallow hole
h = 600 µm. The hole dimensions (d = 3 mm, h = 600 µm)
for which the change of behaviour occurs, and therefore
where the minimum Reu,c can be found, actually corre-
sponds to an aspect ratio of 0.2.

Figure 4 also shows holes that all have d equal to 6 mm,
and aspect ratios less than or equal to 0.2. For this range
of aspect ratios, a single trend can be observed where an
increase in hole depth corresponds to a decrease in Reu,c.

Overall, in the zero sweep configuration, the boundary
layer is extremely stable, and shows greatest sensitivity
to holes with an aspect ratio h/d close or equal to 0.2.
Additionally, for holes with an aspect ratio less than 0.2,
diameter was not an influencing parameter. Similar to
three-dimensional positive surface defects, there are no
intermediate transition positions between a smooth (or
subcritical) case and a critical case. The transition po-
sition abruptly moves from the reference smooth case lo-
cation to the hole location once critical hole dimensions
are reached.
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Figure 4: Variation in critical Reynolds number with hole
depth for two chosen diameters for the unswept configu-
ration (φ = 0°)

3.2 Effect of holes in the swept configura-
tion

The effects of hole diameter and depth on the boundary
layer transition in the swept configuration are now inves-
tigated, using the same hole geometries as those in the
previous section.

Figure 5 shows the effect of hole diameter for depths
400 µm and 1000 µm. In particular, the critical Reynolds
number Reu,c for 4-mm diameter hole is determined at
different probing locations downstream of the hole, 13%
to 19% of chord. Similar to the unswept configuration,
Reu,c remains relatively constant regardless of the prob-
ing location, in the present case close to 4·106. The tran-
sition position therefore abruptly moves from the smooth
case position to one immediately downstream of the hole
in the swept configuration, where the transition mecha-
nism is governed by crossflow instabilities.

Additionally, regardless of hole aspect ratio, Figure 5
shows that, as hole diameter increases, Reu,c decreases.
Therefore, for any tested hole depth, a larger hole diam-
eter leads to earlier transition. However, as a note, the
most destabilising (i.e., with lowest Reu,c) hole geome-
try for the 1000 µm-deep hole is that with an aspect ratio
relatively close to 0.2: the 6-mm diameter hole, with its
corresponding h/d equal to 0.167.

Next, Figure 6 shows the effect of varying depth for
3 mm- and 6 mm-diameter holes. For the 3-mm diam-
eter holes (solid lines) with h/d less than 0.2 (unfilled
symbols), increasing depth corresponds to a reduction in
Reu,c. In particular, the hole with a depth of 400 µm (h/d
= 0.133) does not trigger transition over the range of the
freestream velocities achievable by the present wind tun-
nel facility. The lowest value of Reu,c, equal to 4.3·106, is
reached for the hole with h/d equal to 0.2, with its 3-mm
diameter and 600 µm depth. As hole depth is further in-
creased to 800 µm, the aspect ratio becomes greater than

Figure 5: Variation in critical Reynolds number with hole
diameter and probing location for the swept configuration
(φ = 60°)

0.2, and the Reu,c then starts to increase back to values
outside the range of the wind tunnel facility. For the 6
mm-diameter holes, only aspect ratios less than 0.2 could
be tested. In this case, increasing depth destabilises the
boundary layer and results in lower Reu,c.

Figure 6: Variation in critical Reynolds number with hole
depth for the swept configuration (φ = 60°)

In the swept configurations, regardless of aspect ratio,
increasing either hole depth or diameter led to a change in
Reu,c, indicating a modification in boundary layer stabil-
ity. However, a minimum Reu,c occurred for holes having
an aspect ratio of 0.2, exhibiting a similar behaviour to
the unswept configuration.

3.3 Critical dimensions
In the previous sections, the effect of individual param-
eters, such as depth and diameter, were investigated for
both the unswept and swept configurations in terms of the
evolution of critical freestream velocity or unit Reynolds
number. The present section now focuses on establishing
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a more general overview of the effect of hole geometries
by using local parameters. In particular, the depth-based
Reynolds number, Red is defined as:

Red =
ue,cd

ν
(1)

with ue,c defined as the boundary layer edge velocity at
the hole location (x/c = 10%) for the critical freestream
velocity U∞,c. As mentioned earlier, for the unswept con-
figuration, ue/U∞ is equal to 0.76. For the 60°-sweep
configuration, ue/U∞ is 0.975.

Figure 7 shows the evolution of Red as a function of as-
pect ratio h/d, for both sweep configurations. Regardless
of sweep angle or dimension used to define the Reynolds
number, the aspect ratio value of 0.2 emerges as a pa-
rameter of interest. In particular, at this h/d value, Red
reaches a minimum, albeit different depending on sweep
configuration. Proposed models for the evolution of Reh
as a function of h/d are, for the unswept configuration:

Red =

{
1000 d

h , for h/d < 0.2
15000−2000 d

h , for h/d > 0.2
(2)

and for the swept configuration:

Re4 =

{
6500+700 d

h , for h/d < 0.2.
30000−4000 d

h , for h/d > 0.2.
(3)

These simple models are proposed in the present con-
text because of the single sweep angle that was tested.
Authors are aware that a more adequate model would in-
clude sweep angle information. Additionally, the models
for Reh are obtained by the relationship with Red such
that Red = Reh · (d/h).

(a) Red vs. h/d

Figure 7: Diameter-based Reynolds number as a function
of aspect ratio h/d

Another synthetic representation of critical hole di-
mensions is shown in Figure 8, where the critical hole

depth and diameter are non-dimensionalised by the local
displacement thickness δ1. This δ1 value was calculated
using ONERA’s in-house boundary layer code. In Figure
8, the shaded region corresponds to cases for which the
combination of h/δ1 and d/δ1 do not trigger transition
and the boundary layer is laminar at the hole location.
However, combining results from both sweep configura-
tions, an L-shaped curve, similar to that of [11] (avail-
able in the open literature in [1]), emerges. In general,
the conjunct criteria necessary for a hole to trigger transi-
tion can be estimated to be approximately h/δ1 ≥ 1, and
d/δ1 ≥ 15.

Figure 8: Conjunct critical parameters (normalized
depth h/δ1 and diameter d/δ1) for tested isolated holes.
Green-shaded region represents defects for which lami-
nar flow is maintained and no-shading is where defects
are critical. Branches correspond to holes with aspect ra-
tio h/d greater and less than 0.2, as labelled.

4. CONCLUSION

An experimental study on the effect of holes on the transi-
tion of an incompressible boundary layer was performed.
Two sweep angles were tested to investigate the response
of a boundary layer in stable (zero sweep configuration)
and unstable (60° sweep) conditions. Holes were located
at 10% chord and their effect was determined in terms of
critical freestream velocity U∞,c or unit Reynolds num-
ber Reu,c. Based on these freestream parameters, local
boundary layer parameters at the hole location, such as
boundary layer edge velocity ue and displacement thick-
ness δ1, were determined to define local Reynolds num-
bers based on either hole depth or diameter. First, var-
ious probing locations downstream of the same hole re-
sulted in relatively similar Reu,c, indicating that transition
moved abruptly from the reference (smooth case) transi-
tion position to the hole location. Next, for both sweep
configurations, a change in the evolution of either Reh or
Red occurred at h/d 0.2. This hole aspect ratio there-
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fore seems to particularly destabilise the incompressible
boundary layer presently investigated. Finally, conjunct
critical parameters were determined based on data from
both sweep configuration, similar to those for gaps. In
particular, holes with h/δ1 ≥ 1, and d/δ1 ≥ 15 tend to
trigger transition immediately downstream of their loca-
tion.
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en écoulement incompressible. Technical report,
CERT DERAT OA18/5007, 1982.

[12] R. Radeztsky Jr, M. Reibert, and W. Saric. Effect
of isolated micron-sized roughness on transition in
swept-wing flows. AIAA journal, 37(11):1370–
1377, 1999.

[13] E. Reshotko. Paths to transition in wall layers. Pa-
pers presented during the AVT-151 RTO AVT/VKI
Lecture Series held at the von Kármán Institute,
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