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Abstract. Real aircraft often exhibit surface irregularities, such as bumps, which can lead to a decrease in performance
due to the anticipated transition of the boundary layer. Thus, this paper presents an experimental investigation of the
effects of a two-dimensional bump on boundary layer transition dominated by Tollmien-Schlichting (T-S) waves. The
objective of this research is to understand the influence of a 2D bump on the dynamics of T-S growth and the transition
from laminar to turbulent flow. The experiments were carried out at the Low Acoustic Noise and Turbulence (LANT) wind
tunnel from the School of Engineering of Sdo Carlos, University of Sdo Paulo. Hot-wire anemometry was employed to
measure mean and fluctuation velocity. Concerning the detection of the transition location, a Preston tube was applied.
The experimental rig consists of an aluminum flat plate with a chord of 2.32 m featuring a bump in x=0.6 m with adjustable
height, with a maximum stroke of 20 mm. The results of this study are expected to provide insights into the effects of surface
irregularities on aircraft performance and could lead to improved design strategies for future aircraft.
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1. INTRODUCTION

The effects caused by imperfections on the surface of aircraft have been studied for many years. The behavior of the
transition from laminar to turbulent flow is strongly influenced by various surface irregularities, such as steps, cavities, and
protrusions, which are commonly encountered in practice. These imperfections are analyzed using different approaches
in various areas of aeronautics. This includes cases where these surface imperfections on an aircraft lead to an increased
amplification of Tollmien-Schlichting TS waves, anticipating the transition to turbulence and consequently causing a
drastic increase in the drag coefficient. Furthermore, there are transition phenomena that deviate from the growth of TS
waves and are thus referred to as bypass transition, as cited by (Morkovin, 1985). Furthermore, Morkovin expresses, as
well as (Reshotko, 2001), that by pass transition is inherently nonlinear.

The motivation behind this work is the reduction of the drag coefficient in aircraft, which will bring significant benefits
to the aerospace industry. For example, a substantial reduction in fuel consumption can be achieved in commercial
aircraft, leading to lower costs associated with fuel consumption. Additionally, the aircraft’s payload can be dramatically
increased, resulting in improved performance and increased flight range. According to (Reneaux, 2004), approximately
22% of airline costs are attributed to fuel consumption. Important estimates provided by (Schneider, 2001) quantify that
a hypothetical 1% reduction in the total aerodynamic drag of a large commercial aircraft operating over long distances
would result in savings of 400, 000 liters of fuel and a reduction of 5, 000 kg of harmful emissions per year.

Regarding boundary layer instability and transition, (Tollmien, 1928) and (Schlichting, 1933) worked on the develop-
ment of Linear Stability Theory, which is based on the viscous instability of the laminar boundary layer of Blasius profile
for small-amplitude disturbances. From this perspective, (Schubauer and Skramstad, 1947) were the first to experimen-
tally demonstrate transition dominated by the growth of Tollmien-Schlichting TS waves. Their experiment confirmed the
existence of TS waves, their connection to transition, and the quantitative description of their behavior by the Tollmien and
Schlichting theory. Regarding transition prediction, (van Ingen, 1956) and (Smith and Gamberony, 1956) correlated ex-
perimental results with linear stability theory. As a result, they developed the e method, capable of predicting transition
when the integral growth of T-S waves reaches a factor of N = 9.

On the other hand, the initial experimental studies of the effects of surface roughness have been addressed by (Tani
et al., 1940), (Stuper, 1949), and (Dryden, 1949). These experiments demonstrated the influence of the roughness height
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on the transition Reynolds number, which is upstream displacement as the roughness height increases. (Klebanoff and
Tidstrom, 1972) indicated that these imperfections have a destabilizing effect in the recovery region, i.e., the region of the
distorted mean flow immediately downstream of the roughness element. This leads to the transition occurring upstream
compared to the case without roughness. Results from (Wang and Gaster, 2005) demonstrate that backward-facing steps
are more destabilizing compared to forward-facing steps. The work of (Crouch and Kosorygin, 2020) employed experi-
ments to quantify and model the impact on the integral growth of Tollmien-Schlichting TS waves (factor N) based on step
heights (both forward and backward-facing) and rectangular bump. Starting from the relationship developed for steps, the
estimation of the variation of factor N with respect to the height of a rectangular bump showed a good fit with the linear
superposition of forward and backward facing steps.

The present study aims to experimentally examine the influence of a bump, with variable height, on boundary layer
transition. Initially, pressure distribution on the wall were measured for the smooth case (no bump) and also for bumps
of different heights in order to located the transition point. In addition, to mapping the T-S wave evolution, velocity
fluctuation acquisitions were taken within the boundary layer. Finally, the results were compared with the linear stability
theory.

2. EXPERIMENTAL SETUP

The experiments were conducted in the Low Noise and Turbulence Wind Tunnel (LANT) Fig. 1 at EESC-USP. The
closed circuit wind tunnel has a test section with transverse dimensions of 1.00 m x 1.00 m and a length of 3.00 m.
In Tab. 1, it can be observed that, for different free-stream flow velocities measured at the empty test section and with
the model installed, turbulence intensities vary slightly within a frequency range of 1 to 1024 Hz. Furthermore, several
devices can be found within LANT to enhance flow uniformity, reduce turbulence intensity, and background acoustic
noise. A detailed overview of the design and performance of the LANT wind tunnel is provided in (Amaral, 2021).

Figure 1. LANT wind tunnel aerodynamic circuit Iso-Metric view.

Table 1. Free-stream turbulence intensity measured in different conditions.

Uy [m/s] Tu % Frequency Range [Hz] Test Section

10 0,041 1-1024 Empty
15 0.040 1-1024 Empty
20 0.038 1-1024 Empty

27 0.077(0.054) 1 -1024(4 - 1024) Installed Model
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Inside the test section, a model of a flat plate was installed as indicated in the schematic shown in Fig. 2. The leading
edge, item (1) in Fig. 2, is the region of stagnation (high static pressure) due to the deceleration of the incident flow. The
dimensions of the flat plate item (2) in Fig. 2 is 2 m in length, 999 mm in wingspan, and 100 mm in thickness, and it
is positioned vertically in the test section. The interchangeable protrusion system, item (3) in Fig. 2, coupled to the flat
plate to 600 mm from the leading edge, houses the mechanisms needed to alter the geometry. The protrusion measures 30
mm in length and 600 mm in wingspan with a adjustable height of 20 mm that can be moved inwards to create a gap or
outwards to create a bump. Finally, two control surfaces attached to the model’s trailing edge allow the fine-tuning of the
pressure distribution, the flap, and tab, items (4) of Fig. 2.

/
/

Figure 3. Schematic illustrating of the placement of the bump model and the reference system
for the free stream velocity direction.

2.1 Preston tube

To estimate the transition location, a round Preston tube with a diameter of 0.9 mm Fig. 5 was used to measure
the total pressure near the plate surface. This measurement is proportional to the skin friction coefficient, allowing the
measurement of the increase in friction in the laminar regime up to the transition to turbulence. Therefore, the minimum
value within the laminar regime represents the location of the transition. Furthermore, a wing model was designed to
cover the rail, specifically adapted to house the Preston tube apparatus. Figure. 4 below, a clear view of the assembly is
shown. The needle of the Preston tube was bent towards the flat plate, similar to the HWA probe, and positioned with a
slight angle of contact with the flat plate. By using an LVDT (Linear Variable Differential Transformer) distance sensor
installed at the tip of the wing, it was possible to maintain a constant angle of the needle across different runs. The wing
also covers the pneumatic hoses of both devices. All the wing’s holes and indentations were covered with tape to prevent
unwanted acoustic resonance or other oscillatory phenomena. The sensitive element consists of a Honeywell TruStability
differential pressure sensor, model 004ND, which has a total error range of 4.97 Pa. The sensor is connected to an Arduino
board, and the data is read by a MATLAB function.
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Preston Tube

Hot Wire probe

Figure 4. Wing model houses both the Pitot tube(left) Figure 5. Preston tube probe near the plate surface.
and Preston tube(right) probes.

2.2 Hot wire Anemometry

To obtain relevant measurements, such as pressure, temperature, and velocity, a wide range of highly sensitive instru-
ments were used. Hot-Wire Anemometry was the chosen technique for velocity measurements. The anemometer circuit
used was the AN-1002 from A.A. Lab System Fig. 6, and the hot wire probe Fig. 7, was the miniature wire boundary
layer probe 55P15 from Dantec Dynamics. The voltage signal is derived and sent to two data acquisition modules, one
for mean velocity (DC voltage) and the other for fluctuating velocity (AC voltage). The first one is a National Instruments
USB-DAQ 6002 with 16-bit resolution and a maximum sampling rate of up to 50 kSamples/s on the analog input channels
and 5 kSamples/s on the analog output channels. The second one consists of a set of 7 PXI-4496/98 boards with 24-bit
resolution installed in a PXI-1042Q chassis, all from National Instruments. While these boards are used for data acquisi-
tion from microphones, one of them is used for recording fluctuating velocity due to its better resolution compared to the
USB-DAQ 6002. Signal conditioning and manipulation were performed using MATLAB. The probe’s position within the
test section was controlled by a three-axis positioning mechanism.

Preston Tube |

Hot Wire probe

Figure 6. Anemometer circuit AN-1002 from A.A. Lab Figure 7. Hot wire probe near the plate surface.
System.
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3. RESULTS

To begin, was demonstrate in this experiment that the flat plate follows the Blasius boundary layer profile. For this
experiment, an anemometer was used, but before was employed a calibration of the voltage and velocity Fig. 8. The
conversion from voltage to velocity was done using King’s Law, E? = A+ BU™, where A, B, and n are constants
obtained from the least-squares regression. To map the velocity profile were taken 41 steps along the y-axis of 0.2 mm
for different z-stations. The data acquisition time was 8 seconds per step with a sampling rate of 2048 Hz. Then, a graph
of 7 against normalized velocity U/Us was plotted, where ) = y+/Us/vx. The flow passing through the flat plate
behaves in a laminar manner for velocities of 17 m/s, 26 m/s, and 28 m/s forx = 0.4 m, x = 0.6 m, and x = 1.0 m as
display Fig. 9 respectively. Let us observe that the experimental results closely match the theoretical curve derived from
the Blasius equation solution.
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Figure 8. Calibration curve. Figure 9. Blasius for several velocities and z-stations.

3.1 The Transition Location

The transition location was determined using a Preston tube technique as described on the previous section, which
is moved along the z direction, where the probe is situated on the centerline of the flat plate i.e in the middle of the
span (z-axis). The total pressure measured by the instrument is related to the velocity profile near the plate surface. The
transition location is determined based on the distribution of the minimum total pressure. An experiment was conducted
using a smooth plate as the reference point and a bump of 0.25 mm (see Fig. 10). The free-stream velocity was 27.2 m/s,
and the Reynolds number based on the displacement thickness over the smooth plate for x = 0.6 m (where the bump
begins) was Res~ = 1635. The Preston tube is then placed into contact with the plate wall, starting the drift from the end
point defined at z = 1900 mm near the trailing edge. Furthermore, the Preston tube is moved towards the bump with a
grid of 36 steps up to x = 640 mm. For the smooth surface, it can be observe that the natural transition occurred at 1700
m Fig. 7 while for A = 0.25 mm the transition location is at = 1600 mm. Therefore, this demonstrates that even a small
height variation of 0.25 mm had a dramatic impact on the upstream displacement of the transition location compared to
the first cases.

3.2 Spectra of velocity fluctuation

The velocity fluctuation signal was measured using hot-wire probe. The hot-wire probe was positioned within the
boundary layer at a distance from the surface such that it measures approximately 40% of the free-stream velocity. To
achieve this, the anemometer was calibrated in order to accurately determine this value, resulting in several in the y-
position for each x-station due to the increasing boundary layer thickness along the length of the flat plate. This calibration
was based on the Blasius profile experiment (Fig. 8). For post-processing of the signal, the Welch method, involving the
averaging of spectra from subsets of the time signal, was employed to reduce spurious noise. The data acquisition was
carried out in a free stream velocity of 27.1 m/s and was performed at 16 points along the plate. It began at x = 640,
which is 10 mm from the trailing edge of the bump, and extended up to z = 1900 mm, close to the end of the plate. These
points were spaced at 100 mm steps, starting at x = 700, except for the first three points, which are less spaced. The data
acquisition lasted for 8 seconds with a sampling resolution of 8192 Hz. The variables shown in the following graphs are x
(distance), f (frequency), and F(u' /Uy, ), which represents the Fourier transform and exhibits the signal amplitude. For
the smooth case Fig. 11, the signal spectrum exhibits a dominant band between 100 < f Hz < 400, which is defined as
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Figure 10. Measurement with Preston Tube for determine the transition location to a velocity of U = 27.2m/s.

the frequency band dominated by the TS wave. Therefore, this can be confirmed with linear instability theory, where it is
identified that these frequencies are destabilizing and responsible for these perturbation waves. The amplification of the
TS wave is progressive along x, revealing that in the transition regime of the boundary layer, all low and high-frequency
bands start to amplify, causing the TS wave to be submerged among them. For the case with o = 0.2 mm, it can be
noticed that this evolution was slightly more intense, with the spectra starting to become turbulent, indicating the onset of
boundary layer transition.

h=0mm h=0.2 mm

Figure 11. Growth of the TS wave along the xz-axis for Figure 12. Growth of the TS wave along the z-axis for
the smooth case. h = 0.2 mm.

It is evident from Fig.13 and Fig.14 that such evolution occurred more rapidly, which is why the transition location
was displaced upstream. For the case h = 0.4, it can still be observed that the dominant band of the TS wave is growing
up to station 14, and then in the last two stations, the boundary layer becomes entirely turbulent. In the other hand it is
noticed that for a bump h = 0.6, the growth was more severe, with the TS wave growing only up to a few stations and then
becoming fully turbulent from x = 1500 to trailing edge of the flat plate. This illustrates how a small bump accelerates
the growth of the disturbance wave.
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Figure 13. Growth of the TS wave along the z-axis for Figure 14. Growth of the TS wave along the z-axis for

h = 0.4 mm. h = 0.6 mm.

4. CONCLUSIONS AND RECOMMENDATIONS

This paper presents experiments aimed at investigating the impact on boundary layer transition caused by bumps.
The use of the Preston tube technique and hot-wire anemometry provided means to determine the transition location
and the evolution of TS wave on the boundary layer, respectively. The results has showed significant variations in the
estimated location of the transition point with different bump configurations, demonstrating a considerable effect as the
height increases. Nonetheless, these findings could be more consistently corroborated through the application of linear
instability theory, a topic not covered in this study.

For the initial Blasius profile experiment, it was evident that for different free stream velocities and various x-stations,
the profiles followed the theoretical curve of the solution proposed by Blasius’ equation. Since the experiments have been
conducted on different days, the wind tunnel conditions have varied significantly, resulting in natural transition occurring
at a speed of 27.2 m/s at x = 1700 mm, in an x-station that was not anticipated based on results from a different day using
hot-wire anemometry. Therefore, a new verification can be conducted to evaluate result consistency.

In addition, it can also be observed that for bumps greater than 0.6 mm, there is an excessive growth of TS waves.
Therefore, we could attribute this to the possibility of secondary instability modes or bypass transition. Even though
these results are based on low-speed test conditions and small bumps, the basic methodology and bump characterization
extends to higher-speed flows typical for commercial transport aircraft. There is a wide range of configurations that could
be employed in the LANT wind tunnel to conduct bump experiments, which could involve increased height up to 20 mm
and different velocities from 10 m/s to 30 m/s.

However, further research is needed to investigate the impact of TS wave evolution or whether other instability modes
play a role in boundary layer transition. The spectral analysis revealed that the bump significantly affects the growth of TS
waves, even altering the band of amplified frequencies. Ultimately, this topic is of great interest in the field of aeronautical
engineering, particularly concerning drag reduction, as relatively small imperfections have a dramatic impact on boundary
layer transition.
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