Revision 1. Submitted to the Special Issue of Experimental Thermal and Fluid Science (ETFS) dedicated to the 5" International
Conference on Experimental Fluid Mechanics (ICEFM)

Experimental Study of Bump Effects on Boundary-Layer
Transition in Compressible High Reynolds Number Flow

M Costantini®”, S Risius!, S Koch?, C Fuchs!, U Gerhard?, S Hein! and C Klein!

'DLR, Institute of Aerodynamics and Flow Technology, Géttingen, Germany
*Marco.Costantini@dlr.de

Abstract

The influence of surface bumps on boundary-layer transition was experimentally investigated in the
present work. The experiments were conducted in a (quasi-) two-dimensional flow at low to high subsonic
Mach numbers and chord Reynolds numbers up to 10 million in the low-turbulence Cryogenic Ludwieg-
Tube Goéttingen. Various streamwise pressure gradients relevant for natural laminar flow surfaces were
examined. Quasi-two-dimensional bumps, with a sinusoidal shape in the streamwise direction, fixed
length and three different heights, were installed on a two-dimensional flat-plate model. The model was
equipped with temperature-sensitive paint for non-intrusive transition detection and with pressure taps for
the measurement of the surface pressure distributions. Boundary-layer transition was shown to occur at a
more upstream location with increasing bump height-to-length ratio. This was mainly due to the local
adverse pressure gradient on the downstream side of the bump, which was particularly pronounced in the
case of the bump with the largest height-to-length ratio, thereby inducing boundary-layer separation (as
verified via oil-film visualizations). In the case of the bump with the smallest height-to-length ratio, bump-
induced transition was found to be dependent on global pressure gradient, Mach number and Reynolds
number; however, the influence of these parameters on transition induced by bumps with larger height-to-
length ratios was significantly reduced. The sensitivity of boundary-layer transition to the effect of the
bumps was shown to be more pronounced with stronger global flow acceleration and at smaller Mach
numbers.

1 Introduction

Natural Laminar Flow (NLF) technology has been demonstrated to be a powerful tool for drag reduction
on aircraft surfaces with zero to moderate sweep angles, where the amplification of streamwise
instabilities is the predominant mechanism leading to transition — see Holmes and Obara (1983), Wagner
et al. (1989) and Arnal (1992). The drag reduction capability of NLF technology has been verified for a
wide range of aircraft classes, from sailplanes to business jets and transport aircraft, as reported in, e.g.,
Holmes and Obara (1983), Wagner et al. (1989) and Hansen (2010). One of the major concerns about the
practicability of NLF technology for aircraft drag reduction is related to the achievability of surface
smoothness compatible with NLF requirements. Surface imperfections such as steps, gaps, bumps,
waviness, incorrectly installed flush rivets, etc., can affect aircraft surfaces, as discussed in Nayfeh et al.
(1988) and Hansen (2010). Already in Holmes and Obara (1983) it had been shown that modern
manufacturing techniques for metallic and composite materials can now provide surface smoothness
suitable for laminar flow; however, manufacturing tolerances must be specified for the shape and
dimension of surface imperfections so that laminar flow can still be achieved. As emphasized in Nayfeh et
al. (1988) and Hansen (2010), a guide is needed for size and shape of surface imperfections in order to
specify manufacturing tolerances as precisely as possible, thus avoiding overly stringent requirements.

The present work focuses on surface bumps. They can occur, as reported by Wagner et al. (1989) and
Hansen (2010), at or between structural joints, ribs, and stringers and in the region of flush rivets. In fact,
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significant waviness may be found on modern aircraft surfaces only in the form of (widely) spaced bumps.
Criteria for allowable tolerances can thus be developed for this type of imperfection and then extended to
multiple bumps.

The influence of bumps on boundary-layer stability and transition has been investigated for specific
surface geometries and flow conditions in earlier numerical and experimental work. It was already
observed in Hood (1939) that a nearly-sinusoidal bump, placed at approximately 10 % of the chord length
of a NACA 23012 airfoil model, induced premature transition and thus a significant drag increase. These
experiments were conducted at Mach numbers up to 0.6 and chord Reynolds numbers up to 17 - 10°. The
earliest systematic experimental study on the effects of surface imperfections on boundary-layer transition
was reported in Fage (1943). The experiments were carried out at low speed (Mach numbers of
approximately 0.1 or less) on two-dimensional flat plates with a slightly accelerated flow. The “critical”
imperfection size was defined as the minimal height h of the imperfection “which affects the location of
transition”, i.e., which leads to a (measurable) upstream shift of the transition location, as compared to that
on the smooth surface. The correlation of the results provided the following relation to establish the
critical imperfection height:

hla=9-10°(Re,1) " (xp/a)?? (1)

where a is the length of the imperfection, while x; is the transition location and Re,r the transition
Reynolds number (i.e., the Reynolds number based on the transition location) obtained on the bump-free
surface. The critical heights of surface imperfections determined with Eq. (I) were also seen to be in
agreement with the results of low-speed wind-tunnel experiments on an EQH 1260 airfoil model, while
the agreement with data from (unpublished) flight tests was fair. Note that the shape of the imperfection
and the streamwise pressure gradient were considered as “relatively unimportant parameters”.

Single and multiple (closely spaced) sinusoidal waves were examined in the experimental studies of
Carmichael (1959) on laminar surfaces with wall suction. Two series of experiments were conducted at
“low to moderate local Mach numbers”: on a 30° swept wing, investigated in three different wind tunnels,
and on an unswept glove, installed on a wing of a Lockheed F-94A aircraft and tested in flight.
Unfortunately, only sparse details on these experiments were provided in Carmichael (1959). In the
unswept glove flight tests, the waves were placed in a non-suction region, but the boundary layer was
strongly accelerated. A “critical” wave was defined in Carmichael (1959) “as the minimum size which
prevents the attainment of laminar flow to the trailing edge [of the wing] under moderate suction”. The
criterion to determine the critical imperfection size proposed in this work was:

h/a =244 Re*7 (a/c) 0 ()

where h and a are here the double amplitude and the wavelength of the imperfection, respectively, Re the
chord Reynolds number and c the chord length. A modification of Eq. (II) was also provided in
Carmichael (1959) to account for the influence of wing sweep, according to the results obtained in the
swept-wing experiments.

A series of numerical investigations between the late 1980’s and the mid 1990°s focused on the effect of
bumps on the stability of flat-plate boundary layers at zero pressure gradient. The effect of the
imperfections on transition was predicted according to the eN" method (see Arnal (1992)), where N7 is the
amplification factor (N-factor) of Tollmien-Schlichting waves at the transition location. (The value of N
was taken from earlier correlations with experimental data on smooth surfaces.) The contour of the
imperfection was a quadratic and/or a cubic function of the streamwise coordinate. An incompressible
flow was examined in Nayfeh et al. (1988) and in Cebeci and Egan (1989). In these studies and in the
investigations cited below, the increase in the amplification factors of Tollmien-Schlichting waves due to
the influence of the bump was found to be small for low values of the bump height-to-length ratio h/a, at
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which the boundary layer remained attached over the bump surface. In contrast, the bump-induced
disturbance amplification was markedly enhanced in the presence of a separated flow region on the
downstream side of higher bumps. The effect of wall cooling on the bump-induced disturbance
amplification was examined in Al-Maaitah (1990) for a Mach number of 0.8. In the considered cases,
boundary-layer separation occurred on the downstream side of the bump. Because of the counteracting
effects of a non-adiabatic surface in the attached and separated flow regions, an optimal ratio between
surface and adiabatic-wall temperatures T,/T,, was found to exist with regard to boundary-layer stability;
the optimal value of T,/T,, depended on h/a and on the bump location. The effect of changes in various
parameters (h/a, Mach number, unit Reynolds number and bump location, among others) on boundary-
layer stability was examined in Masad and Nayfeh (1992), Masad and lyer (1993) and Masad and Malik
(1995), where bumps with both attached and separated flows were considered. The results of these
parametric investigations will be discussed later in this work, where they will be compared with the
present experimental results. A more recent experimental investigation was reported in Perraud et
al. (2004), where the effect of a nearly-sinusoidal bump on transition was examined for an accelerated
flow on an NLF supercritical airfoil model, tested at a Mach number of 0.65. Even bumps with relatively
small h/a were seen to induce a significant upstream shift of the transition location. Moreover, a model for
the bump-induced variation of the N-factors was proposed based on linear stability theory and developed
for an incompressible flow at zero pressure gradient. The model was shown to provide a satisfactory
prediction of the movement of the transition location observed in the aforementioned experiment. The
effect of the bump shape (for fixed bump height) on boundary-layer stability was examined in Masad and
lyer (1993), Worner et al. (2002), Perraud et al. (2004) and Franco et al. (2018). The general conclusion
from these numerical studies was that the bump-induced increase in the N-factors of Tollmien-Schlichting
waves was larger for fuller bumps, i.e., for bumps with a shape tending to that of a rectangular bump. In
particular, the size (in both streamwise and wall-normal directions) of the separated flow region on the
downstream side of the super-Gaussian bumps, which were examined in Franco et al. (2018) for a flow at
a Mach number of 0.5 and a zero pressure gradient, was shown to increase for fuller bumps. Moreover, the
bump-induced change in the boundary-layer disturbance growth was found to be localized, so that — from
a streamwise location sufficiently downstream of the bump location — the slope of the N-factor envelope
curves in the presence of the bumps was similar to that of the boundary layer over the smooth surface. At
a sufficient distance from the bump location, the difference between the two N-factor envelope curves can
be reasonably assumed to be a uniform offset, which value was shown to depend on the shape of the
imperfection.

The analysis of previous work shows that criteria for allowable bump size, covering a wide range of
boundary-layer stability situations, are still not available. In particular, the effect of a variation in the
streamwise pressure gradient on bump-induced transition has not been systematically examined up to
now. This systematic investigation was carried out in the present work, where bump-induced transition
was examined for various streamwise pressure gradients in a compressible flow at high Reynolds
numbers. Sinusoidal bumps were installed on a two-dimensional flat plate and studied in the Cryogenic
Ludwieg-Tube Gottingen (DNW-KRG). The experiments were conducted in a (quasi-) two-dimensional
flow at freestream Mach numbers from 0.35 to 0.77 and chord Reynolds numbers up to 10 - 10°. The test
conditions are relevant for NLF surfaces with zero to moderate sweep angles. The effect of the bumps on
boundary-layer transition was investigated by means of the Temperature-Sensitive Paint (TSP) technique,
while their effect on the surface pressure distribution was measured using pressure taps. Oil-film
visualizations (OFV) were conducted for selected test conditions to verify the occurrence of flow
separation on the downstream side of the bumps.
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2 Experimental Setup
2.1 Cryogenic Ludwieg-Tube Gottingen (DNW-KRG)

The experiments were conducted in the Cryogenic Ludwieg-Tube Gottingen, a low-turbulence facility
(momentum turbulence level Tu,, ~0.06 % — see Koch (2004)) with the peculiarity of using nitrogen as
test gas. A sketch of DNW-KRG is presented in Figure 1: dark and light blue areas show the facility
components where the gas can be charged to the desired pressure and temperature values, and to where
they are kept at atmospheric conditions, respectively. As discussed in Rosemann (1997), the values of
Reynolds and Mach numbers characteristic of transport aircraft cruising at high subsonic or transonic
speeds can be matched in DNW-KRG by increasing the pressure and decreasing the temperature of
gaseous nitrogen. The test section dimensions are 0.4 x 0.35 x 2 m* (width x height x length). The top and
bottom walls of the test section are adaptive, and thus allow interference-free contours to be set (see
Rosemann (1997)). Two-dimensional (i.e., spanwise-invariant) models with chord length ¢ <0.2 m are
clamped into turntables mounted at the side walls of the test section. Details on the wind-tunnel
instrumentation and on its accuracy are given in Rosemann (1997), Koch (2004) and Costantini et
al. (2016).
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Figure 1: Principle sketch of the DNW-KRG wind tunnel (Koch (2004)).

The maximal testing time at DNW-KRG is 1 s, attainable by the use of a very long storage tube (130 m).
In the present work, the testing time was approximately 0.75 s. During a run, the flow in the test section is
stationary for some tenths of a second; however, previous work of Costantini (2016) has shown that the
boundary-layer evolution over the model surface is stable only for a time window of approximately 0.2 s
at the end of the run time. In the present work, all data were averaged over an evaluation window of 0.1 s
at the end of the run time.

2.2 Wind-Tunnel Model and Experimental Techniques

The two-dimensional wind-tunnel model BuLASTra (Bump modification of the PaLASTra model) used in
the experiments is shown in Figure 2. An available flat-plate configuration, presented in Costantini et al.
(2016) and Costantini (2016), was modified to install exchangeable inserts on the model upper side. The
leading-edge part was indeed the same for both investigations, while the model main part was modified
for the present study. The surface bumps were manufactured on the inserts and had a sinusoidal shape in
the streamwise direction x, given by the following equation:

9= 5(cos(Z)+1)  for -2<e<t (1)
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where a is the streamwise extent of the bumps, h the height of the bump crest and & = x - x, the streamwise
coordinate relative to the bump crest location x,. In the present work, the streamwise extent of the bumps
was a =20 mm, i.e., 10 % of the model chord ¢ =200 mm. The start and the end of the bumps in the
streamwise direction were located at x/c = 40 and 50 %, respectively, with the bump crest being located at
Xp/C = 45 %. The bumps were quasi-two-dimensional: their spanwise extent was ten times larger than their
streamwise extent, as sketched in Figure 2b. The present experimental setup enabled an independent
variation of Mach number, chord Reynolds number, streamwise pressure gradient and bump height, and
thus allowed to decouple the effects of changes in the aforementioned parameters on boundary-layer
transition.
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Figure 2: Simplified drawing of the BULASTra model construction — side view (a); top view and instrumentation of

the wind-tunnel model with the leading edge at the bottom of the image (b).
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Three bumps with different nominal height h=0.10 mm (small bump), 0.24 mm (mid bump) and
0.40 mm (big bump) were examined. They were manufactured on two different inserts: the mid bump was
manufactured on the port half of one insert, which starboard half was left clean (i.e., bump-free) to serve
as a reference surface; the small and big bumps were manufactured on the port and starboard halves of the
other insert, respectively.

As can be seen from Figure 2, three junctions between the model parts were present on the model upper
side. They were located at x/c = 35, 37 and 58 %. Small steps and gaps were observed at these junctions,
but their size was compatible with laminar flow, since they fulfilled the criteria provided in Arnal (1992),
Forte et al. (2015) and Costantini (2016). However, turbulent wedges were observed to arise from the two
upstream junctions at large Reynolds numbers (see Sec. 4.4), probably originating from disturbances
generated by micron-sized, three-dimensional roughness present at the junctions. (This very small
roughness could be imperfections arising during the assembly of the model parts or particles transported
by the flow and remained trapped in the aforementioned gaps.) The increase in the number of turbulent
wedges at larger chord Reynolds numbers eventually limited the range of Reynolds numbers at which
“natural” transition could be examined in the present work (see Sec. 3).

The model was equipped with a temperature-sensitive paint for global, non-intrusive transition detection
(see Sec. 2.2.1) and with pressure taps to measure the surface pressure distribution (see Sec. 2.2.2). Qil-
film visualizations were also performed to visualize separated flow regions on the downstream side of the
bump. The OFV setup is presented in Sec. 2.2.3.

2.2.1 Temperature-Sensitive Paint (TSP) and TSP Data Analysis

As shown in Figure 2b, the model was equipped with TSP, a global measurement technique discussed,
e.g., in Liu and Sullivan (2005) and Tropea et al. (2007), and used in the present study for non-intrusive
transition detection on the model upper side. Similarly to other thermographic methods, such as infrared
thermography, boundary-layer transition is detected by measuring the temperature variation from the
laminar to the turbulent regime. The measurement principle of TSP relies on temperature-sensitive,
luminescent molecules, called luminophores. When excited by light in a specific wavelength range, the
luminophores emit light in a different wavelength range, the intensity of which decreases at larger
temperatures. In the present work, the luminophores were incorporated in a polyurethane-based coating,
which was applied in pockets machined into the model surface, so that the final model contour did not
present variations from design. The distribution of light emitted by the TSP was detected by means of
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cameras (see below), thus enabling the global measurement of the temperature variation between the
laminar and turbulent flow domains and therefore of boundary-layer transition. The TSP sensor was the
same as that discussed in Ondrus et al. (2015). The model surface was polished to an average roughness of
R, =0.037 £0.011 um (mean roughness depth of R, = 0.31 £0.09 um). These values are the average and
standard deviation of the roughness measurements at 25 different locations on the TSP surface, which
were conducted by means of a contact profilometer with a vertical resolution of 0.8 nm for a
measurement length of Ax = 1.75 mm. The final contour of the bumps was also measured by means of the
aforementioned contact profilometer, in this case with a vertical resolution of £8 nm because of the larger
size of the measurement domain: Ax = 24.5 mm. This was the maximal measurement length supported by
the used measurement device. An example of the final bump contour is shown in Figure 3a, where
measurements of the mid-bump shape in the streamwise direction are presented for different spanwise
locations, indicated in Figure 3b. The nominal bump contour is also shown in Figure 3a. As can be seen
from this figure, the bump size and shape was essentially uniform in the spanwise direction. Moreover, the
actual bump shape corresponded to the nominal contour. The average measured height of the bumps was
slightly larger than the nominal one: h =0.115 mm (small bump), 0.255 mm (mid bump) and 0.430 mm
(big bump); the standard deviation from these average values was within Ah = £0.005 mm. Because of the
aforementioned limitation in the maximal measurement length supported by the used contact profilometer,
the actual streamwise extent of the bumps could not be measured accurately. Therefore, the nominal value
of a =20 mm was taken as streamwise extent of the bumps. The corresponding bump height-to-length
ratios were h/a = 0.006 (small bump), 0.013 (mid bump) and 0.021 (big bump).
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Figure 3: Measured contour of the mid bump, as compared to the nominal one (a), and indications of the
measurement locations (b).

Two different optical setups for transition detection at DNW-KRG by means of TSP were used in this
work: a standard setup, described in Costantini et al. (2016) and in Costantini (2016), and a more
sophisticated setup, presented in Risius (2018). In both cases, the hardware had to be installed behind the
side walls of the DNW-KRG test section, since optical access to the model from the adaptive top and
bottom walls of the test section was not possible. Cameras and light sources were installed on both sides
of the test section and were mounted in direct connection with the turntables, where the model was also
fixed. In this manner, neither the distribution of the excitation light nor the image of the model surface
observed by the cameras changed when the angle-of-attack of the model was varied. An image of the
BuLASTra model installed in the DNW-KRG test section is shown in Figure 4. The lighting conditions of
this picture allow to notice the big bump (and — although more hardly — even the small bump) on the insert
mounted on the considered model configuration.
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Figure 4: BULASTra model mounted in the DNW-KRG test section, as seen from a downstream position.

The excitation light for the TSP was supplied by four high-power light emitting diodes (LEDs). Two
LEDs were installed in each turntable behind suitable windows. In the case of the standard optical setup,
these were circular windows, which are also visible in Figure 4. The specified excitation center
wavelength of the LEDs was /4 = 410 nm; band-pass filters for the wavelength range 390-430 nm were
placed in front of the LEDs in order to block light at smaller and larger wavelengths. The same type of
LEDs was used for both optical setups.

The main differences between the two optical setups were the type of the cameras and their positioning.
The cameras used for image acquisition with the standard optical setup were two miniaturized charge-
coupled device (CCD) cameras with 12-bit dynamic range and a 1392 x 1024 pixels sensor. Each camera
was equipped with a pinhole lens (with a focal length of 4 mm) and mounted directly at the turntable, with
the lenses fitted through the turntables (see Costantini et al. (2016)). In the case of the more sophisticated
optical setup, two complementary metal-oxide-semiconductor (CMOS) cameras were used, with 16-bit
dynamic range and a 2560 x 2160 pixels sensor. The size of these cameras was significantly larger than
that of the cameras used in the standard optical setup. The CMOS cameras could not be mounted directly
at the turntables, but were connected to the turntables via a metallic frame. The CMOS camera axes were
oriented in a direction nearly perpendicular to the test-section side walls, and images of the model upper
surface were captured via a “periscope”, i.e., using two mirrors oriented at appropriate angles (see
Risius (2018)). The lenses had a focal length of 28 mm, and a Scheimpflug adapter was mounted between
lens and camera sensor to achieve a suitable depth-of-focus. In both optical setups, high-pass spectral
filters with a cutoff wavelength of 4 = 590 nm were installed between lenses and camera sensors to block
light at smaller wavelengths, while at the same time allowing transmittance of the light emitted by the
TSP. The image acquisition frequency was markedly larger with the “periscope” setup: 100 Hz, instead of
5 Hz with the standard optical setup. (The exposure time of the camera sensors were 7.5 and 15 ms,
respectively.) The higher acquisition frequency enabled to increase the number of TSP images within the
data evaluation window (see Sec. 2.1) from 1 to 10. The averaging of these TSP images, coupled with the
larger signal-to-noise ratio of the CMOS cameras, led to a significant increase in the signal-to-noise ratio
of the TSP results, as compared to that achieved with the standard optical setup. This will be seen in some
of the series of TSP results presented in Sec. 4. Nevertheless, the processing of the acquired TSP images
was the same for both optical setups. The TSP data acquisition was managed automatically using the in-
house software package ToPas, which was presented in Klein et al. (2005). All image operations were also
conducted using ToPas. As described in Costantini et al. (2016) and Costantini (2016), reference TSP
images were acquired before the actual run in DNW-KRG had started. These reference images were
averaged and then divided by the (average) TSP image obtained in the data evaluation window (“run”
image). (Before division, reference and run images were aligned to compensate for the small image
deformation due to aerodynamic loading.) The divided TSP image was finally projected (mapped) onto a
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three-dimensional grid representing the model upper surface. This procedure was based on the circular
markers applied on the TSP surface, which are visible in Figure 2b and in Figure 4. The final TSP results,
obtained after merging of the mapped TSP images acquired by the two cameras, will be shown as they
would be seen from the inaccessible top wall of the test section. Regions with too small signal-to-noise
ratio were masked white. These regions clearly included also the strips of width A(x/c) =6 % around the
junctions, which were left uncoated (see Figure 2b and Figure 4) to guarantee a high surface quality of the
interfaces between the model parts.

The transition location was defined in the present work as the location corresponding to the maximal
gradient of the surface temperature within the transitional region. This choice was motivated by the
coincidence found in Kreplin and Hohler (1992), Ashill et al. (1996) and Lemarechal et al. (2018) between
this point and that corresponding to the maximal value of the root-mean-square of hot-film signals within
the transitional region. The transition location was determined in a manner analogous to that discussed in
Costantini et al. (2016) and Costantini (2016); in the present work, however, one transition location was
obtained for each bump configuration. Streamwise distributions of the TSP normalized intensity were
evaluated on the final TSP results at five spanwise sections for each model half. The spanwise locations of
the evaluation sections were maintained unvaried for all examined test conditions. The evaluation sections
were in regions sufficiently distant from the turbulent wedges arising from the pressure taps and from
surface contamination, except for the big-bump configuration at the largest examined Reynolds number,
which was affected by a large number of turbulent wedges (see Sec. 4.4). In order to increase the signal-
to-noise ratio, the intensity values were averaged over a spanwise range of A(y/b) =£0.5 % across each
spanwise section. The TSP intensity distributions were then analyzed by means of an algorithm capable of
detecting the maximal value of the intensity gradient in the transitional region (see Costantini (2016) for
more details). The transition locations x;/c reported in this work are the averages of the transition locations
evaluated at the five spanwise sections for each bump configuration. The uncertainty in x:/c was evaluated
as the standard deviation of the transition locations obtained at the five sections. The use of a single, well-
defined, accurately and consistently measurable transition location was of fundamental importance in this
work, where the effects of changes in various parameters on boundary-layer transition were systematically
investigated.

2.2.2 Pressure Taps

The BuLASTra model was also instrumented with 90 pressure taps for the measurement of the surface
pressure distributions. As shown in Figure 2b, the pressure taps were distributed in three rows aligned
with the freestream direction. The main row of 54 pressure taps was placed at the model mid-span section
(y/b = 0.5). Two additional pressure taps in the leading-edge region were installed at y/b = 0.48 because of
manufacturing constraints. The pressure taps in the mid-span region included also pressure taps on the
model lower side and provided a reference pressure distribution in the bump-free area. The other two
pressure tap rows were installed at y/b = 0.3 and 0.7; each row consisted of 17 pressure taps. The distance
between the pressure taps in the inserts was smaller than on the model main part and enabled to capture
the bump-induced pressure variations. The locations of the pressure taps in the inserts were: x/c = 37.5,
39, 41, 43, 45, 46.5, 48, 50, 53 and 57 %. The pressure taps at x/c = 39 and 41 % were placed upstream
and downstream of the bump start, respectively, while the locations of the pressure taps at 45 and 50 %
corresponded to the locations of the bump crest and end. The orifices of the pressure taps had a diameter
of 0.25 mm. The circular shape of the orifices, the tap diameter and the sharpness of the orifice edges were
ensured for all pressure taps, including those embedded in the TSP coating. This was accomplished via
additional treatment of the orifices after TSP application, as described in Klein et al. (2015).

2.2.3 Oil-Film Visualizations (OFV)

Oil-film visualization is a technique applied in wind-tunnel testing since several decades (see, e.g.,
Merzkirch (1987) for an overview on OFV, and references therein for a review of previous applications).
In the present work, OFV were carried out for a limited number of test conditions to verify the conjectures
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on the presence or absence of separated flow regions on the downstream side of the bumps. In contrast to
oil-film methods based on luminescent oils, such as those presented in Lee et al. (2018), a transparent
silicone oil mixed with a black powder (black toner for laser printers) was used in the present work. The
surface illumination was provided by the TSP itself, i.e., by the luminescence of the TSP surface excited
by the LEDs. The optical setup used for TSP (see Sec. 2.2.1) could therefore be used also for OFV. The
standard optical setup was used for the oil-film visualizations, but in this case the images were acquired at
the maximal frequency of 10 Hz achievable with the CCD cameras used in this setup. (The CCD exposure
time was reduced to 8 ms.) In the OFV images, darker areas correspond to regions where the dyed oil has
accumulated via the action of the flow, while brighter areas correspond to regions where the dyed oil has
been transported away. Note that the used OFV setup allowed to avoid any modification of the model
contour, such as that due to the use of adhesive foils, which would have been particularly critical in the
bump regions.

As discussed in Schiilein (2004), oil viscosity and oil-film application procedure have to be compatible
with the short testing time in Ludwieg tubes and adequate to the examined test conditions. In the present
experiments in DNW-KRG, silicone oils with a kinematic viscosity of approximately 5 - 10° m?/s were
found to reach steady conditions in the case of the big-bump configuration and were used to visualize
separated flow regions on this model configuration (see Sec. 4.1). The dyed oil (mixture of oil and black
powder) was applied on the model surface by means of a sponge. A typical OFV image acquired before a
run had started is shown in Figure 5. This image was obtained after application of the same image
processing procedure presented in Sec. 2.2.1 for the TSP images: the OFV images acquired by the two
cameras were also mapped onto the three-dimensional grid representing the model surface and merged to
obtain the final OFV image shown in Figure 5a. Regions with too little signal were masked white. A detail
of the region indicated by the orange rectangle in Figure 5a is presented in Figure 5b. The red, blue and
green lines show the locations corresponding to x/c = 40, 45 and 50 %, i.e., to the start, crest and end of
the bumps. It should be noted here that the tick markers visible in Figure 5b, which were aimed to indicate
the locations corresponding to x/c = 40 and 50 %, were erroneously applied on the TSP surface of the
insert at more downstream locations. The error was as large as A(X/C) =2.5% (in the case of the tick
marker at the location that should correspond to x/c = 50 %) and could be revealed only after accurate
mapping of the TSP and OFV images. This observation is a further confirmation of the importance of
analyzing mapped data to obtain accurate measurements, instead of relying on tick markers applied on the
model surface. The red dots in Figure 5b show the locations of the pressure taps in the considered region
(see Sec. 2.2.2). The match between the mapped positions of the pressure taps and their actual locations
was excellent. Note here that the pressure taps were not blocked by the oil during the short testing time in
DNW-KRG, probably because of the turbulent wedges spreading over the pressure tap rows, which
rapidly transported the oil film away from the pressure taps. Moreover, neither the pressure tap tubings
nor the TSP were damaged by the oil film, even though it was left on the model surface for up to three
days before removing it.

At this point of the description, it should be emphasized that the oil-film visualizations were time-
consuming and had very high wind-tunnel operation costs per data point. For this reason, the tests with
OFV had to focus on only one model configuration. The configuration with two bumps (small and big)
was selected for this study. Some runs were also dedicated to the configuration with the mid bump, but the
OFV were not conclusive with regard to the presence / absence of a separated flow region on the
downstream side of this bump. The size of a laminar separation bubble, if present, is expected to be small,
and both the oil viscosity and the oil-film application procedure should be optimized for this specific
investigation.
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a ’ b

Figure 5: Final (mapped) image of the model upper surface with applied oil film before start of a run. a: whole model
surface; b: detail of the area indicated by the orange rectangle. The red, blue and green lines show the locations
corresponding to x/c = 40, 45 and 50 %, respectively, while the red dots show the locations of the pressure taps.

3 Test Parameters and Experimental Conditions

The experiments were conducted in a (quasi-) two-dimensional flow at freestream Mach numbers from
M = U./a, =0.35 to 0.77 and chord Reynolds numbers from Re = U.c/v,=3.5t0 10 - 10%, where U.,
a,, and v,, are the velocity, the speed of sound and the kinematic viscosity of the freestream. The examined
test conditions are summarized in Table 1. The maximal chord Reynolds number that could be
investigated was limited by the number of turbulent wedges observed on the model surface at the largest
Reynolds numbers: a detection of “natural” transition was not possible at chord Reynolds numbers larger
than those reported in Table 1.

Table 1: Examined test conditions.

M Re [10°] Pu
0.35 35,6,8 -0.012 to 0.080
0.50 45,6,8 0.015t0 0.117
0.65 6 0.061
0.77 6,8, 10 0.063 t0 0.112

The bump height-to-length ratio h/a (see Sec. 2.2.1) was chosen as the characteristic parameter for the
imperfection size. This enabled to compare the present results with those obtained in previous work,
where h/a was also the characteristic parameter used to quantify the effect of bumps on boundary-layer
transition. Note, however, that only the bump height h was varied in the present work, while the bump
length a was kept fixed.

Various streamwise pressure gradients relevant for NLF surfaces were implemented in the present work.
In most cases, favorable pressure gradients were considered, since these are the most relevant for NLF
surfaces. Nevertheless, at the two lower Mach numbers also nearly-zero pressure gradients were
examined, and a weak adverse pressure gradient was additionally considered at M = 0.35. The Hartree
parameter Sy of the self-similar solution of the boundary-layer equations (Falkner-Skan equation) was
selected as the characteristic parameter for the global pressure distribution, as suggested, e.g., in Meyer
and Kleiser (1989). The value of the Hartree parameter was determined for the smooth (i.e., bump-free)
surface in the same manner as that presented in Costantini et al. (2016) and Costantini (2016). The value
of the Hartree parameter was evaluated as the average value over that chordwise region where the pressure
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gradient had been essentially uniform. This region was approximately 20 % < x/c <70 % for the cases
with nearly-zero (84~ 0) and favorable pressure gradients (fy >0), whereas it was approximately
5 % < x/c <40 % for the case with an adverse pressure gradient (54 < 0).

It should be remarked here that, by virtue of the working principle of the DNW-KRG Ludwieg-tube
facility (see Koch (2004) and Costantini et al. (2016)), the ratio between surface and adiabatic-wall
temperatures T,/T,y Was larger than 1 during the test runs: it was in the range T,/T.y = 1.040-1.065 at
M =0.77 and decreased to T,/T,y =1.020-1.040 at M = 0.35. The charge temperature of the gas in the
DNW-KRG storage tube was set to approximately T, = 288 K for all test conditions, but the value of the
freestream temperature during a run (and therefore also of T,,) depended on the Mach number (see
Rosemann (1997), Koch (2004), Costantini et al. (2016) and Costantini (2016)). The adiabatic-wall
temperature was in the range T,, = 268.5-272.5 K at M = 0.77 and increased to T, =277.5-280.5 K at
M = 0.35. The model surface temperature range was T,, = 284.5-287.5 K. (The temperatures T,, and T,
were evaluated at x/c = 15 %, where the boundary layer was laminar at all examined test conditions.) As
discussed in Arnal (1992), Schlichting and Gersten (2000), Costantini et al. (2016), Costantini (2016) and
Costantini et al. (2018), a non-adiabatic surface has an effect on boundary-layer stability and transition in
flows over smooth surfaces. In Costantini (2016) and Costantini et al. (2018), a hon-adiabatic surface was
also found to have an influence on transition induced by forward-facing steps, at least up to a certain value
of the non-dimensional step parameters. In Al-Maaitah et al. (1990), a variation in the wall temperature
ratio T./Ta, Was shown to have an impact on boundary-layer stability even in the presence of a bump.
Analogously to its influence on step-induced transition, a non-adiabatic surface is expected to have an
influence also on bump-induced transition, at least up to a certain bump height-to-length ratio. The
experimental investigation of this effect in DNW-KRG is, however, very time-consuming, and therefore
associated with high wind-tunnel operation costs per data point (see Costantini (2016)). An investigation
of the influence of a non-adiabatic surface on bump-induced transition could not be carried out in the
present study, but is planned for future work.

Details on the evaluation of the aforementioned parameters and on their uncertainties are given in
Costantini et al. (2016) and Costantini (2016).

4 Results

The experimental results are presented in different sections, where the effect on boundary-layer transition
of the variation of one single parameter will be shown. The results were verified to be well repeatable and
reproducible. In particular, the differences in the data (transition location included) obtained with the same
model configurations in different wind-tunnel entries (separated by three to four months) were shown to
be within the measurement uncertainties. Moreover, the transition locations measured with the smooth
(bump-free) surface were in agreement with those measured in Costantini (2016) for the same test
conditions on another wind-tunnel model with the same reference contour.

4.1 Effect of the Bump Height-to-Length Ratio

The effect of a larger bump height-to-length ratio on boundary-layer transition is shown in Figure 6 with
the TSP results for a case at M = 0.77, Re = 6 - 10° and a favorable global pressure gradient (8. = 0.096).
Bright and dark regions correspond to areas of low and high wall heat flux, respectively, which is related
to low and high wall shear stress; the detected locations of boundary-layer transition (see Sec. 2.2.1) are
indicated in the TSP results by yellow dashed lines. The pressure tap rows caused up to three turbulent
wedges; the other turbulent wedges arose from contamination of the model surface during wind tunnel
operation. In spite of the turbulent wedges, natural transition was clearly shown to occur at a more
upstream location xy/c with increasing bump height-to-length ratio h/a — see Figure 6. This result is in
agreement with findings from previous experimental (Fage (1943), Carmichael (1959), Perraud et
al. (2004)) and numerical work (Nayfeh et al. (1988), Cebeci and Egan (1989), Masad and lyer (1993),
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Perraud et al. (2004)). The effect of larger bump height-to-length ratios on boundary-layer transition at all
other test conditions examined in the present work was found to be similar to that discussed above.
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Figure 6: TSP results for different bump height-to-length ratios h/a obtained at M = 0.77, Re = 6 - 10° and
Sn = 0.096. a: clean configuration (bump-free): fully laminar; small bump (h/a = 0.006): x{/c = 82.6 £2.0 %. b: mid
bump (h/a = 0.013): xy/c = 51.6 £1.5 %; big bump (h/a = 0.021): x+/c = 48.7 £0.2 %. (The difference in the TSP
signal-to-noise ratio of the two results is due to the different optical setups used in the experiments — see Sec. 2.2.1).

The surface pressure distributions measured with the two model configurations at the test conditions of
Figure 6 are presented in Figure 7. The curves named ‘“Reference (1)” and “Reference (2)” show the
pressure distributions measured by means of the mid-span pressure tap row with the model configurations
of Figure 6a and Figure 6D, respectively. All six pressure distributions (three pressure tap rows for each of
the two model configurations) are in excellent agreement for most of the chord length, except for the
region around the bumps. A zoomed-in plot of the bump region is shown in Figure 7b. The presence of the
bumps led to significant differences in the pressure distributions, as compared to those obtained with the
reference / clean surfaces; the magnitude of these differences clearly increased with increasing bump
height-to-length ratio h/a. (The small deviations of the pressure distributions from ideally smooth ones,
visible for the reference / clean surfaces, were due to small model contour variations remaining after
treatment of the TSP surface.) With respect to its development on the reference / clean surfaces, the
boundary layer was first slightly decelerated when it approached the bumps, then accelerated on the
upstream side of the bumps and decelerated on their downstream sides, until the global pressure
distribution was finally recovered at a certain distance downstream of the bump end. The exact location of
the recovery of the reference / clean surface pressure distribution appears to be more downstream with
increasing bump height-to-length ratio. Note that the influence of the local flow acceleration / deceleration
over the bumps can be seen also in the TSP results of Figure 6. In fact, the (still laminar) accelerating
boundary layer over the upstream side of the bumps was characterized by a higher wall shear stress, and
therefore higher wall heat flux, than that of the boundary layer immediately upstream of the start of the
bump, resulting in a darker strip in the TSP data at x/c = 40-45 %. Similar, but opposite, considerations
apply for the decelerating boundary layer over the downstream side of the bumps, where the wall shear
stress (and the wall heat flux) was lower than that in the surrounding regions and led to a brighter strip in
the TSP data at x/c = 45-48 % (i.e., immediately downstream of the bump crest). It can be seen in Figure
7b that the deceleration on the downstream side of the bumps was more pronounced than the acceleration
on their upstream side; this is in agreement with findings from previous work (see Nayfeh et al. (1988)
and Arnal (1992), among others) and eventually induced earlier transition (see Figure 6).
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Figure 7: Surface pressure distributions measured for the case of Figure 6. a: over the whole chord length.
b: zoomed-in around the bump region. Start and end of the bumps are located at x/c = 40 % and 50 %, respectively.

As discussed, e.g., in Arnal (1992), Nayfeh et al. (1988), Cebeci and Egan (1989), Masad and lyer (1993)
and Franco et al. (2018), the adverse influence of surface bumps on boundary-layer stability and transition
is particularly marked when the deceleration on the downstream side of the bump is so strong as to induce
flow separation, since amplification of streamwise instabilities is enhanced in separated flow regions. In
the present work, the boundary layer indeed separated in the presence of the big bump, as it will be
discussed below. This led to transition occurring close to the bump crest in the case shown in Figure 6 and
at all other examined test conditions. It should be remarked here that the influence of a laminar separation
bubble on the surface pressure distributions over the big bump was not visible at Re > 6 - 10° such as in
the case of Figure 7, since the surface pressure measurements were affected by a turbulent wedge
spreading over the pressure tap row (see Figure 6). An example of surface pressure distribution measured
at Re <6 - 10°% in the absence of turbulent wedges is presented below (Figure 10). In any case, the
presence of a laminar separation bubble (with turbulent reattachment) on the downstream side of the big
bump was verified for different global pressure gradients via oil-film visualizations, which were
performed for the lowest chord Reynolds numbers examined at M = 0.50, 0.65 and 0.77 (see Sec. 2.2.3).
An example series of oil-film images acquired at M = 0.50, Re = 4.5 - 10° and £, = 0.095 are shown in
Figure 8a-e. The displayed area corresponds to that highlighted by the orange rectangle in Figure 5. The
oil-film images were taken at different time instants after the fast-acting valve of DNW-KRG had been
opened. In particular, Figure 8a and Figure 8e were acquired just after the start and the end of the run,
respectively, while Figure 8d was taken in the time window in which wind-tunnel and TSP data were
evaluated (see Sec. 2.1). The corresponding TSP result for the same model surface region is shown in
Figure 8f. Note that the presented oil-film images were filtered usinga 1 x 11 (x x y) median spatial filter.
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f
Figure 8: Oil-film visualizations of the big-bump region at M = 0.50, Re = 4.5 - 10° and f8; = 0.095. a: just after
opening of the DNW-KRG fast-acting valve; b: 0.3 s after image a; ¢: 0.1 s after image b; d: 0.2 s after image c; e:
end of the run (0.1 s after image d). f: TSP result (x{/c = 49.7 £0.1 %).

After the run had started, the oil film was accelerated up to the bump crest, and especially over the
upstream side of the bump (i.e., between the red and the blue lines in Figure 8). On the downstream side
of the bump (i.e., between the blue and the green lines in Figure 8), an accumulation of the dyed oil can
already be seen in Figure 8b in the form of a darker strip between the blue and the green lines. This image
was taken 0.3 s after the image shown in Figure 8a. The strip became more clearly visible in Figure 8c and
Figure 8d, which were taken 0.4 and 0.6 s after the image shown in Figure 8a. In the time window
between 0.3 and 0.7 s, the strip was found to be quasi-steady, except for some local variations at different
spanwise locations. In particular, a comparison of Figure 8b and Figure 8c shows an upstream movement
of the dyed oil in the region between the pressure tap row and the starboard end of the image. At the end
of the run (Figure 8e), the darker strip was eventually smeared by the abrupt change in the flow
conditions, which were no longer steady.

The darker strip in Figure 8b-d appears as the result of the accumulation of dyed oil due to the action of
the boundary layer from both sides of the strip, and thus is likely to correspond to the “dead air” region
within a laminar separation bubble with turbulent reattachment (see, e.g., Horton (1968), Kirk and
Yarusevych (2017) and Miozzi et al. (2019)) occurring on the downstream side of the bump. A schematic
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of the structure of a time- and span-averaged laminar separation bubble (with turbulent reattachment) on
the downstream side of the bump is shown in Figure 9a. In this schematic, the laminar separation bubble is
ideally subdivided into two main regions: the dead-air region, where the reverse flow is weak, and a
region of more intense reverse flow, located downstream of the dead-air region and terminating at the
reattachment point. The corresponding streamwise distribution of the skin-friction coefficient is sketched
in Figure 9b. In the dead-air region, the value of the skin-friction coefficient is negative but relatively low,
while it decreases markedly in the region of more intense reverse flow. The reason for the enhancement in
the reverse flow intensity within the separation bubble is the onset of transition in the shear layer, which
approximately marks also the end of the dead-air region. As discussed in Sec. 2.2.1, the transition location
was defined in the present work as the location corresponding to the maximal gradient of the surface
temperature, and is therefore expected to be downstream of the end of the dead-air region, as illustrated in

Figure 9.
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Figure 9: Schematic of the structure of a time- and span-averaged laminar separation bubble on the downstream side
of a bump (a) and corresponding streamwise distribution of the skin-friction coefficient (b). The schematics are
adapted from Horton (1968) and Selig et al. (2011), respectively.

In the OFV of Figure 8a-e, upstream of the darker strip, the oil film was transported (via the action of the
wall shear stress) in the streamwise direction towards the dead-air region, where it accumulated.
Analogously, but in the direction opposite to that of the freestream, the dyed oil was transported towards
the dead-air region also from downstream of the strip; this was due to the action of the (negative) wall
shear stress in the region of intense reverse flow (see Figure 9b). In a manner similar to that discussed in
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Selig et al. (2011), the dyed oil accumulated in the region where the weakening skin-friction force and the
surface tension (or oil adhesion) balanced. At this point of the discussion, it should be emphasized that the
above description is a strong simplification of the complex flow dynamics within laminar separation
bubbles, which generally show significant variations in space and time even for a two-dimensional steady
freestream, as discussed by Kirk and Yarusevych (2017) and Miozzi et al. (2019), among others. In
particular, the schematics shown in Figure 9 are presented only for illustrative purposes, without any
intention to quantitatively describe the flow development in the presence of a laminar separation bubble
with turbulent reattachment. Moreover, the images presented in Figure 8a-e were averaged over the CCD
exposure time of 8 ms. Nevertheless, from the above considerations, it can be reasonably assumed that
the upstream side of the darker strip corresponded to the separation line of a laminar separation bubble —
at least to a first approximation and in a time-averaged sense. Similarly, the downstream side of the darker
strip can be assumed to be located at the end of the dead-air region, slightly upstream of the transition
location (as defined in this work, see Sec. 2.2.1), and certainly upstream of the turbulent reattachment
location. The accumulation of dyed oil in a region upstream of the reattachment location has been
discussed in more detail in Selig et al. (2011).

The interpretation of the oil-film images presented above is substantiated by a comparison of the
chordwise distribution of the luminescent intensity of Figure 8d with the corresponding TSP intensity
(from Figure 8f) and surface pressure distributions. This comparison is shown in Figure 10, where the red
and green lines correspond to the chordwise intensity distributions extracted from the TSP result and from
the oil-film image, respectively, at the spanwise location y/b =0.71 (i.e., at a distance of A(y/b) = 0.01
from the pressure tap row). The TSP intensity distributions were normalized in a manner such that low
and high normalized intensities correspond to low and high wall shear stress, respectively, whereas the
intensity distributions of the oil-film image were normalized with respect to the minimal and maximal
intensity values in the region of the big bump. The surface pressure distributions measured in the mid-span
section (“Reference”) and in the bump region are shown in Figure 10 by black and blue symbols,
respectively. The pressure data were measured simultaneously to the TSP result of Figure 8f.
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Figure 10: Comparison of surface pressure distributions and normalized intensities of TSP and oil film in the big-
bump region for the case of Figure 8.

A comparison of TSP and oil-film intensity distributions shows that the first abrupt decrease in the oil-
film normalized intensity (corresponding to the upstream side of the aforementioned darker strip) occurred
between x/c =46 and 46.5 %, i.e., slightly upstream of the minimum in the TSP normalized intensity
distribution, which was found at x/c =47 %. Further downstream, the marked increase in the oil-film
normalized intensity (corresponding to the downstream side of the darker strip) started at x/c = 48.5 %,
i.e.,, slightly upstream of the transition location, which was detected in the TSP result at
x/c = 49.7 £0.1 %. Here, it should be emphasized again that the transition location was defined in the
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present work as the location corresponding to the maximal gradient in the TSP intensity distribution, while
the transition process in the laminar separation bubble had likely started at a more upstream location. Note
also that the spatial resolution of the pressure tap row was not sufficient to adequately capture the pressure
distribution induced by the presence of a laminar separation bubble, which influence would be otherwise
visible as a pressure plateau downstream of the separation location, followed by a strong pressure
recovery up to the turbulent reattachment location (see, for example, Kirk and Yarusevych (2017)). In
(average) surface pressure distributions, the start of the transition process is typically detected at the
location corresponding to the kink between the pressure plateau and the pressure recovery regions.
Although the number and the locations of the pressure taps did not enable to capture adequately this
characteristic pressure distribution, the start of the pressure plateau (i.e., the separation location), the start
of the strong pressure recovery (i.e., the location of transition onset) and the end of the pressure recovery
region can be at least estimated from the measured pressure distribution; the estimated locations are in line
with the locations of separation, dead-air region end and transition obtained from the analysis of the oil-
film image and of the TSP result. It should be reminded here that an estimation of the aforementioned
characteristic locations from the surface pressure distribution of Figure 10 was possible only because, at
this relatively small chord Reynolds number (Re = 4.5 - 10°), the surface pressure measurements were not
affected by a turbulent wedge arising from the upstream pressure taps. This was not the case for the
surface pressure distributions presented in Figure 7, which were measured within turbulent wedges.

The findings discussed above for the case at M =0.50, Re =4.5 - 10° and Sn = 0.095 were confirmed also
at the other flow conditions investigated via OFV. The locations of laminar separation (xs/c) and end of the
dead-air region (x,/c), obtained from the analysis of the oil-film images, are given in Table 2, where the
transition locations xt/c detected in the TSP results are also reported.

Table 2: Locations of laminar separation, end of dead-air region and transition obtained from the analysis of the oil-
film images and of the TSP results at different flow conditions (big-bump configuration).

M | Re[10°] | pu | xJc (OFV) | x,/c (OFV) | x1/c(TSP)
0.77 6 0.063 | 455-465% | 475% | 47.7+0.5%
0.77 6 0.096 | 45.5-465% | 48.0% | 48.7 0.2 %
0.65 6 0.061 | 46.0-46.5% | 48.0% | 48.5+0.5%
0.50 45 0.015 | 46.0-465% | 485% | 49.1+0.3 %
0.50 45 0.060 | 46.0-46.5% | 485% | 49.6 +0.1 %
0.50 45 0.095 | 46.0-46.5% | 485% | 49.7 +0.1 %
0.50 45 0.117 | 46.0-465% | 485% | 49.7 +0.1 %

Although the given values of xJ/c and x,/c should be taken as indicative, it can be seen from this table that
the locations of laminar separation and dead-air region end did not change significantly at the examined
test conditions. Moreover, the location x,/c was slightly upstream of the detected transition location for all
examined cases. Since the TSP results and the surface pressure distributions measured in the presence of
the big bump at different Reynolds numbers were essentially in agreement (see Sec. 4.4), it is expected
that the findings summarized in this section hold also for the larger Reynolds numbers investigated in this
work. Note also that, as a further confirmation of the present findings, the height-to-length ratio
h/a =0.021 of the big bump was above the values of h/a corresponding to separation onset over the
downstream side of the bumps studied in Nayfeh et al. (1988), Cebeci and Egan (1989), Al-Maaitah et al.
(1990), Masad and lyer (1993), Masad and Malik (1995) and Warner et al. (2002). As discussed in Masad
and Nayfeh (1992), Masad and lyer (1993) and Masad and Malik (1995), the size of the separated flow
region in both streamwise and wall-normal directions is expected to increase at larger Mach numbers. In
particular, separation is expected to occur at a slightly more upstream location at larger Mach numbers,
while reattachment is expected to move towards a more downstream location. This behavior could not be
verified with the measurements performed in the present work, although a slight upstream shift of x,/c can
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be supposed from the data reported in Table 2. In any case, no conclusion on the reattachment location can
be derived from the available data.

Separated flow regions were not seen in the OFV on the small-bump configuration. This finding is in line
with the results of Nayfeh et al. (1988), Cebeci and Egan (1989), Masad and Nayfeh (1992) and Masad
and lyer (1993), where no separation was observed on the downstream side of the bump for h/a < 0.008.
As mentioned in Sec. 2.2.3, OFV of the mid-bump configuration were not conclusive. An analysis of the
data of Nayfeh et al. (1988), Cebeci and Egan (1989), Al-Maaitah et al. (1990), Masad and Nayfeh (1992)
and Masad and lyer (1993) shows that h/a = 0.013 is in a range of bump height-to-length ratios at which
the flow may separate on the downstream side of the bump. In the range 0.009 < h/a < 0.015, separation
can occur depending on the test conditions, and in particular on the bump shape and on the Mach number.
It cannot be excluded that, in the present work, the boundary layer separated on the downstream side of
the mid bump at the larger Mach numbers, while it remained attached at the smaller Mach numbers. This
may have also contributed to the different behavior of transition induced by the mid bump observed for
larger and smaller Mach numbers, which is presented in the next section and discussed in more detail in
Sec. 5.1.

4.2 Effect of the Global Pressure Gradient

The influence of a variation in the global pressure gradient on transition in the presence of small and big
bumps is shown in Figure 11, where TSP results obtained at M = 0.77 and Re = 6 - 10° are presented.
Three different global pressure gradients were investigated: £y = 0.063 (Figure 11a), 0.076 (Figure 11b)
and 0.096 (Figure 11c). As can be seen in this figure, an increase in the Hartree parameter (i.e., a more
pronounced global flow acceleration) led to a significant movement of boundary-layer transition into a
more downstream location even in the presence of a bump with a height-to-length ratio of h/a = 0.006
(small bump): from xt/c =61.9 +0.1 % at fy = 0.063 to x¢/c = 82.6 £2.0 % at Sy = 0.096. In contrast, a
variation of the global pressure gradient was found to have no appreciable influence on boundary-layer
transition in the presence of the big bump (h/a=0.021); this was very likely due to the occurrence of
transition over a laminar separation bubble induced by the marked adverse pressure on the downstream
side of the big bump (see Sec. 4.1), which was not affected significantly by a change in the global pressure
gradient. The pressure distributions measured for the cases of Figure 11 are presented in Figure 12, where
the dashed lines show the distributions corresponding to the mid-span model section (“reference”),
whereas the solid lines show the distributions measured in the presence of the bumps. Different colors
correspond to the data obtained at different global pressure gradients. The pressure distributions measured
in the presence of the small and big bumps are shown in Figure 12a and Figure 12b, respectively. Also in
these cases, the pressure distributions measured with and without bumps were in excellent agreement,
except for the regions around the bumps. Zoomed-in plots of these regions are shown in Figure 12c¢ and
Figure 12d for the surfaces with the small and big bumps, respectively. As can be seen from these figures,
larger global flow acceleration did not lead to appreciable differences in the local surface pressure
variations induced by the bumps.
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a bl c il
Figure 11: TSP results for different global pressure gradients /5 obtained with the small (h/a = 0.006) and big
(h/a = 0.021) bumps at M = 0.77 and Re = 6 - 10°. a: 3, = 0.063 (x7/c = 61.9 +0.1 % vs. X7/c = 47.7 0.5 %);

b: = 0.076 (x1/c = 66.7 £1.2 % vs. xy/c = 48.4 £0.1 %); c: By = 0.096 (x/c = 82.6 £2.0 % vs. x¢/c = 48.7 £0.2 %).
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Figure 12: Surface pressure distributions measured for the case of Figure 11. a-b: over the whole chord length; c-
d: zoomed-in around the bump regions. a, c: cases with the small bump; b, d: cases with the big bump. Start and end
of the bumps are located at x/c = 40 % and 50 %, respectively.

In the case of the mid bump, the effect of a variation in the global flow acceleration on bump-induced
transition was observed to be dependent on Mach and Reynolds numbers. At M = 0.77 and Re > 6 - 10°,
bump-induced transition was essentially unaffected by a change in the global pressure gradient, in a
manner similar to that shown above for the big bump. However, at smaller Mach numbers (M = 0.35 and
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0.50) and smaller Reynolds numbers (Re <6 - 10°, stronger flow acceleration led transition in the
presence of the mid bump to occur at a more downstream location — although the downstream shift of the
transition location for a certain increase in the Hartree parameter was less pronounced than that observed
in the case of the small bump (and, clearly, also of the clean configuration). This is exemplarily shown in
Figure 13 by a series of TSP results obtained at M = 0.50 and Re = 4.5 - 10°. As the Hartree parameter
was increased from B4 = 0.015 (Figure 13a) to Sy = 0.117 (Figure 13d), transition was found to move into
a more downstream location: from xy/c = 51.4+£0.1 % to xy/c= 58.9 £0.7 %. For comparison, the
boundary layer was found to remain laminar over the whole clean configuration already at py = 0.095
(Figure 13c), while transition occurred at xi/c = 62.4 £0.9 % at Sy = 0.015 (Figure 13c). The different
behavior of transition induced by the mid bump, observed for variations in the global pressure gradient at
different Mach and Reynolds numbers, will be discussed in more detail in Sec. 5.1. The effect of changes
in Mach and Reynolds numbers on transition induced by the small and big bumps will be presented in the
next sections.

a b c d
Figure 13: TSP results for different global pressure gradients Sy obtained with the clean configuration (bump-free)
and with the mid bump (h/a = 0.013) at M = 0.50 and Re = 4.5 - 10°. a: 8 = 0.015 (x;/c = 62.4 +0.9 % vs.
x7/c =51.4 +0.1 %); b: Sy = 0.060 (x+/c = 73.6 £2.0 % vs. X7/c = 53.5 0.7 %); ¢: Sy = 0.095 (fully laminar vs.
xt/c =58.4 +0.2 %); d: py = 0.117 (fully laminar vs. x¢/c = 58.9 +0.7 %).

4.3 Effect of the Mach Number

The influence of a variation in the Mach number on bump-induced transition is shown by the TSP results
in Figure 14, which were obtained at a Reynolds number of Re = 6 - 10° and at Hartree parameters in the
range 0.060 <y <0.063. (The Hartree parameter decreased slightly at larger Mach numbers, but the
maximal difference between the values of Sy obtained at different Mach numbers was less than 5 %.) The
corresponding surface pressure distributions are shown in Figure 15, where the plots were prepared in a
manner analogous to that of the plots presented in Figure 12, but different colors show now the data
obtained at different Mach numbers. In the case of the big bump, a change in the Mach number did not
lead to significant variations in the transition location (see Figure 14). This finding is in line with the
insensitivity of bump-induced transition to changes in the global pressure gradient, which was presented in
Sec. 4.2. Also the observed insensitivity of bump-induced transition to variations in the Mach number was
very likely due to the marked adverse pressure gradient on the downstream side of the big bump. As
shown in Figure 15d, and in agreement with the findings of Masad and Nayfeh (1992) and Masad and lyer
(1993), the local bump-induced variations of the surface pressure distribution were strengthened at larger
Mach numbers. As discussed above with regard to the Hartree parameter, the pressure distributions
measured on the remaining model surface at different Mach numbers were essentially in agreement — see
Figure 15a-b.
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Figure 14: TSP results for different Mach number obtained with t
atRe =6 - 10°and 0.060 < 3, < 0.063. a: M = 0.35 (x7/c = 76.1 +1.1 % vs. x7/c = 48.8 +0.2 %); b: M = 0.50

he small (h/a = 0.006)

o LI
and big (h/a = 0.021) bumps

(x7/c = 67.8 0.6 % vs. xy/c = 48.7 £0.2 %); ¢: M = 0.65 (x1/c = 64.2 £0.4 % vs. X7/c = 48.5 +0.5 %); d: M = 0.77
(x/c = 61.9 +0.1 % vs. x/c = 47.7 £0.5 %).
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Figure 15: Surface pressure distributions measured for the case of Figure 14. a-b: over the whole chord length; c-
d: zoomed-in around the bump regions. a, c: cases with the small bump; b, d: cases with the big bump. Start and end
of the bumps are located at x/c = 40 % and 50 %, respectively.

The more pronounced adverse pressure gradient on the downstream side of the big bump led to the small
upstream shift of the transition location at larger Mach numbers (A(x1/c) ~ 1 %). In contrast, in the case of
the small bump, an increase in the Mach number led to a larger upstream shift of the transition location:
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from xy/c = 76.1 +1.1 % at M = 0.35 (Figure 14a) to X;/c = 61.9 £0.1 % at M = 0.77 (Figure 14d). Also the
local variations in the pressure distribution induced by the small bump were strengthened by an increase in
the Mach number (see Figure 15c), but this effect was clearly less pronounced than that observed in the
presence of the big bump. Although the more marked adverse pressure gradient on the downstream side of
the small bump probably contributed to the upstream movement of the transition location, the most
important variation leading to this result is expected to be the increased level of external disturbances in
DNW-KRG at larger Mach numbers (see Koch (2004), Costantini (2016), Risius et al. (2018) and
Risius (2018)): earlier transition was likely induced by the related increase (via the receptivity process) in
the initial amplitude of the boundary-layer disturbances. The increased wall temperature ratio T,/T., at
larger Mach numbers (see Sec. 3) was also likely to contribute appreciably to the observed upstream shift
of the transition location.

4.4 Effect of the Chord Reynolds Number

The effect of the chord Reynolds number (i.e., of the unit Reynolds number) is presented here for test
conditions at M = 0.77 and Sy = 0.096. The TSP results and the corresponding pressure distributions are
shown in Figure 16 and Figure 17, respectively. The plots of the surface pressure distributions are
presented in a manner analogous to that of the plots in Figure 12 and Figure 15; in Figure 17, however,
different colors show the data obtained at different Reynolds numbers. Transition induced by the small
bump was found to move into a more upstream location as the chord Reynolds number was increased:
from xq/c = 82.6 2.0 % at Re = 6 - 10° (Figure 16a) to xs/c = 58.8 0.2 % at Re = 10 - 10° (Figure 16c).
This effect of a larger chord Reynolds number on boundary-layer transition in the presence of surface
bumps has been observed since the earliest work of Fage (1943) and Carmichael (1959). Note also that the
number of turbulent wedges in the TSP results increased significantly at larger Reynolds numbers. Besides
the mid-span area, where one and two additional turbulent wedges were observed to originate from the
leading-edge region as the chord Reynolds number was increased to Re = 8 and 10 - 10°, respectively, all
other additional turbulent wedges were seen to arise from the upstream junctions between model parts
(located at x/c = 35 and 37 %, see Figure 2). These turbulent wedges were probably due to disturbances
generated by micron-sized, three-dimensional roughness elements (see Sec. 2.2), which relative size (with
respect to the boundary-layer thickness) increases at larger Reynolds numbers; they therefore generate
stronger disturbances and are more likely to trigger premature transition (see, e.g., Braslow (1966)). This
was the very probable reason for the observed increase of the number of turbulent wedges in the TSP
results. In particular, the turbulent wedges superimposed onto the bump-induced transition front made
impossible to detect “natural” transition in the presence of the big bump at Re = 10 - 10° (Figure 16c). The
detected transition location was at xy/c = 42.4 £0.8 %, i.e., upstream of the bump crest. For this case, the
“natural” transition location is also expected to be close to that measured in the presence of the big bump
at the two lower Reynolds numbers. The upstream shift in the transition location observed at h/a = 0.021
for an increase in the chord Reynolds number from Re = 6 to 8 - 10° was approximately A(x{/c) = 1 % (see
Figure 16a-b). As discussed in the previous sections, on the downstream side of the big bump the
boundary layer was found to separate; transition in the laminar separation bubble was only weakly
influenced by a change in the Reynolds number, leading to this small variation in the transition location.
According to Masad and lyer (1993) and Masad and Malik (1995), the boundary layer is expected to
separate at a slightly more upstream location at larger Reynolds numbers. This effect may have
contributed to the observed (small) upstream shift of the transition location. It should be remarked here
that, at larger chord Reynolds numbers, the Reynolds number based on the chordwise location of the
bump crest Rey, = x,U./v,, (With x,/c =45 %) was also larger. This aspect will be further discussed in
Sec. 5.3.

As can be seen in Figure 17, the surface pressure distributions were essentially unaffected by changes in
the Reynolds number. The small variations observed around x/c =40 % in the case of the small bump
(Figure 17c) and on the downstream side of the big bump (Figure 17d) may be related to a slightly
different effect of the bumps on the boundary-layer development (because of the different bump size
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relative to, e.g., the boundary-layer displacement thickness), but may be also due to the influence of the
additional turbulent wedges arising in the vicinity of the pressure tap rows.

a i

Figure 16: TSP results for different c_hord

b

c

Reynolds numbers obtained with the small (h/a = 0.006) and big

(h/a = 0.021) bumps at M = 0.77 and Sy = 0.096. a: Re = 6 - 10° (x;/c = 82.6 +2.0 % Vs. X¢/C = 48.7 0.2 %);
b: Re = 8 - 10° (x;/c = 64.2 +0.3 % vs. x7/c = 47.8 £0.4 %); ¢: Re = 10 - 10° (x;/c = 58.8 +0.2 % vs.
xr/C = 42.4 +0.8 %).
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Figure 17: Surface pressure distributions measured for the case of Figure 16. a-b: over the whole chord length; c-
d: zoomed-in around the bump regions. a, c: cases with the small bump; b, d: cases with the big bump. Start and end
of the bumps are located at x/c = 40 % and 50 %, respectively.
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5 Discussion

The experimental results will be discussed in different sections, where the influence of the bump height-
to-length ratio on boundary-layer transition will be analyzed in combination with the influence of changes
in another parameter. The other two parameters will be maintained fixed in the discussion, in order to
facilitate the presentation of the effects on transition of the two varied parameters.

The transition Reynolds number Re,r = xtU./v., will be used to quantify the influence of the parameters
on boundary-layer transition. Note that in several cases, such as those shown in Figure 6a and Figure 13c-
d, the boundary layer remained laminar over the whole clean (i.e., bump-free) surface. In these cases, the
reference transition Reynolds numbers Rero for a nominally smooth surface were taken from the results
of previous studies (Costantini et al. (2016), Costantini (2016) and Costantini et al. (2018)), in which the
same model contour had been examined at larger chord Reynolds numbers. This was possible because the
values of Re,r obtained in different investigations were verified to be in agreement for the test conditions
at which transition occurred over the model surface (see Sec. 4). In those previous studies, only one
junction was present on the model upper surface, instead of the three junctions (two upstream of the
bump) on the configuration investigated in this work, and the number of turbulent wedges arising at that
only one junction at larger Reynolds numbers was significantly smaller than that observed here.
Therefore, chord Reynolds numbers larger than those examined in the present work could be considered in
Costantini et al. (2016), Costantini (2016) and Costantini et al. (2018); at those Reynolds numbers,
transition was shown to occur over the model upper surface even at the largest examined Hartree
parameters. Another finding of those previous investigations was that, for the examined clean
configuration, the transition Reynolds number was essentially independent of the chord Reynolds number.
This observation is reasonably assumed to hold also for the present clean configuration, thus enabling the
use of the Re,ro-values from earlier work as reference transition Reynolds numbers in the present work.

5.1 Combined Effect of Bump Height-to-Length Ratio and Global Pressure Gradient

The effect of the bump height-to-length ratio h/a on boundary-layer transition is analyzed in this section in
combination with the influence of the Hartree parameter . The considered test cases are those presented
in Sec. 4.2. The results obtained at the examined test conditions, including also those obtained with the
mid-bump configuration, are summarized in Figure 18. In this figure, the transition Reynolds number is
plotted as a function of the bump height-to-length ratio, and data obtained at different global pressure
gradients are shown by symbols with different colors. This representation of the results enables a direct
comparison with correlations and criteria for critical bump size from previous work, where the “critical”
bump height-to-length ratios were defined as “those which produce transition forward [i.e., upstream] of
the location where it would occur in the absence of the surface imperfection” (see Holmes et al. (1985)).
In any case, the ratios between the bump height h and the local boundary-layer displacement thickness ¢ ,
for the corresponding data points of Figure 18 are reported in Table 3. 6, is here the value of the
displacement thickness at the bump crest location x,/c but for the clean (bump-free) configuration; it was
determined via boundary-layer computations carried out in the same manner as that described in
Costantini et al. (2016) and Costantini (2016). In Figure 18, the critical h/a provided as a function of Re,r
by the correlation of Fage (1943) is shown by a dashed-dotted brown line; the critical bump-to-height ratio
derived from the criterion provided by Carmichael (1959) is indicated by a magenta dashed line; the
transition Reynolds numbers predicted in Masad and Iyer (1993) using the e"™ method (with Nt = 9) are
shown by the violet symbols; and the transition Reynolds humbers determined experimentally in Perraud
et al. (2004) are shown by orange symbols. (The reported values of Re,r were obtained in Masad and
Iyer (1993) at M =0.8, i.e.,, at a Mach number slightly larger than M =0.77 of the present data.)
Moreover, the Reynolds number based on the chordwise location of the bump crest Rey, = X,U./v., iS
indicated in Figure 18 by a dotted grey line. Error bars are shown for all current data points, but they are in
most cases smaller than the symbols and therefore not easily visible.
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Table 3: Bump height relative to local boundary-layer displacement thickness for the data points of Figure 18.

o1 /o1 /o1
Pi | (hia=0.006) | (ha=0.013) | (h/a=0.021)
0.063 111 248 421
0.076 113 251 4.26
0.09 115 2.56 4.34

A glance at Figure 18 clearly shows that the transition Reynolds number already decreased for the
configuration with the bump with height-to-length ratio h/a = 0.006, as compared to its value measured for
the clean configuration. In a manner analogous to that described in Nayfeh et al. (1988), Cebeci and
Egan (1989), Masad and Nayfeh (1992), Arnal (1992), Masad and lyer (1993) and Perraud et al. (2004),
this result was most likely due to the enhanced amplification of the boundary-layer disturbances in the
local adverse pressure gradient regions upstream of the bump and, more importantly, on the downstream
side of the bump (see Secs. 4.1 and 4.2). This adverse effect on boundary-layer stability appeared to be
more pronounced than the favorable effect of the enhanced flow acceleration over the upstream side of the
bump and in the region downstream of the bump (recovery region), thus inducing earlier transition, as
compared to the clean configuration. As shown in Figure 6, an increase of the bump height-to-length ratio
to h/fa =0.013 led to a strengthening of the local pressure gradients induced by the bump; the related
enhancement of the bump-induced amplification of the boundary-layer disturbances very likely led to a
further decrease of the transition Reynolds number. At the considered Mach number M = 0.77, transition
was found for this bump configuration approximately at the downstream end of the bump for all three
examined global pressure gradients. This is shown in Figure 18 by the vicinity of the corresponding
symbols (those at h/a =0.013) to the dotted gray line. At the transition location, the global pressure
gradient had not been recovered yet; in fact, the transition process started in the region of adverse pressure
gradient over the downstream side of the bump. At h/a =0.021, transition occurred even closer to the
bump crest, well inside the region of adverse pressure gradient; the upstream shift of the transition
location (and therefore the reduction of Re,r) was small, with respect to its value at h/fa=0.013. As
discussed in Nayfeh et al. (1988), Cebeci and Egan (1989), Arnal (1992) and Perraud et al. (2004), the
streamwise distributions of the amplification factors (N-factors) of Tollmien-Schlichting waves are steep
in the examined region. This is illustrated in Figure 19, where the dotted grey line qualitatively shows the
streamwise distribution of the N-factors over a smooth surface, while the expected effect of the small, mid
and big bumps on the N-factor evolution is shown by the green, red and blue lines, respectively. Assuming
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that transition occurs at the same N-factor for all configurations, the enhancement of the disturbance
amplification due to the mid bump is expected to lead to a significant upstream movement of the transition
location, whereas an increase of the bump height-to-length ratio from h/a = 0.013 to 0.021 is expected to
induce only a small upstream shift of the transition location. These expectations are in line with the
present experimental observations.

N-factor

Transition N-factor

Streamwise coordinate xlT—'\"r x T ;T;
Figure 19: Schematic illustrating the effect of bumps of different height on the amplification factors of Tollmien-
Schlichting waves. The expected upstream shift of the transition location (as it would be predicted according to the

e method) is also shown.

The effect of the global pressure gradient on boundary-layer transition can be also seen in Figure 18. The
favorable effect of larger Hartree parameters on transition over a smooth surface is well known (see, e.g.,
Arnal (1992), Schlichting and Gersten (2000), Costantini et al. 2016, Costantini (2016), Risius et
al. (2018) and Risius (2018)), but larger transition Reynolds numbers were achieved at larger gy also with
the small-bump configuration. The relative increase in Re, for a certain increase in Hartree parameter
was, however, smaller than that found for the clean configuration. The attenuation of the favorable
influence of the streamwise pressure gradient on boundary-layer transition was very likely due to the
bump-induced amplification of the boundary-layer disturbances, in a manner analogous to that discussed
in Costantini (2016) for a step-induced amplification. As shown in Figure 12, the bump-induced pressure
gradients were approximately of the same magnitude for all considered global pressure gradients; the
corresponding bump-induced variations of the disturbance amplification factors can be also assumed to be
nearly independent of the global pressure gradient (at least to a first approximation). In the presence of the
bump with h/a =0.006, an increase in the Hartree parameter is still expected to reduce the disturbance
amplification in the regions at sufficient distance from the bump, but its relative effect on the overall
amplification of the disturbances is expected to become weaker, since the bump-induced amplification has
remained approximately unchanged. This provides an explanation for the reduced sensitivity of boundary-
layer transition to variations in the Hartree parameter observed in the presence of the small bump. With
the mid and big bumps, the transition Reynolds number was essentially insensitive to variations in the
global pressure gradient. As discussed above, transition occurred in these cases in the region of adverse
pressure gradient over the downstream side of the bump, where the gradient of the N-factor curves is very
marked (see schematic in Figure 19). The effect of the global pressure gradient on the steep N-factor
curves in the examined region is presumably small, but even if this effect would be larger, the
corresponding variation in transition location is expected to be small (provided that the transition N-factor
has remained unchanged). This is especially the case when transition occurs within a laminar separation
bubble, as it was demonstrated for the big-bump configurations. These expectations from considerations
based on linear stability theory are in line with the experimental observations reported in the present work.
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The other test case presented in Sec. 4.2 was with the clean / mid-bump configuration at M = 0.50 and
Re = 4.5 - 10° (see Figure 13). The results obtained at the examined test conditions, including also those
obtained with the small- / big-bump configuration, are summarized in Figure 20, in a manner similar to
that of Figure 18 for the previous test case. The values of the bump height h relative to the local boundary-
layer displacement thickness o, , are reported in Table 4 for the corresponding data points of Figure 20. In
the presence of the small bump, the boundary layer remained laminar over the whole model upper surface
at the largest Hartree parameters (S = 0.095 and 0.117). The value of xs/c = 100 % was taken to evaluate
the transition Reynolds number, but this could be even larger. The corresponding data points in Figure 20
are enclosed by black circles. In general, the trends observed at these test conditions were analogous to
those discussed above with regard to the cases at M = 0.77 and Re = 6 - 10% the only difference in the
behavior of bump-induced transition for variations in the global pressure gradient was observed in the
presence of the mid bump. As shown in Figure 13, an increase in the Hartree parameter from gy = 0.015 to
0.117 did lead to a downstream shift of the transition location transition at M = 0.50 and Re = 4.5 - 10°.
This result can be seen also in terms of the increase in the transition Reynolds number in Figure 20
(symbols at h/a=0.013). At this lower Mach number, the bump-induced variation of the pressure
distribution was less pronounced than that at M = 0.77; this can be seen in Figure 15 for the small and big
bump configurations. Since the adverse pressure gradient over the downstream side of the bump was
weaker at M = 0.50, and the chord Reynolds number was lower (Re =4.5 - 10°% instead of 6 - 10° at
M = 0.77), transition occurred — even at Sy = 0.015 — in the recovery region downstream of the mid bump,
where a variation in the global pressure gradient had maintained an appreciable influence on boundary-
layer transition. (As qualitatively shown in in Figure 19, the gradients of the N-factor curves in the
recovery region are reduced, as compared to those in the local adverse pressure gradient region.) In fact,
an increase in the Hartree parameter led in this case to an increase in the transition Reynolds number; for a
certain increase in Sy, however, the increase in Re,r was smaller than that for the configurations with
h/a=0 and 0.006. It should be also reminded here that a difference in the boundary-layer evolution in
terms of separation on the downstream side of the mid bump cannot be excluded. As discussed in Sec. 4.1,
it is possible that, at h/a=0.013, the boundary layer separated for M =0.77, while it may have been
remained attached at M = 0.50. Clearly, this difference in the boundary-layer evolution would have further
enhanced the aforementioned difference in the transition behavior in the presence of the mid bump.
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Re=45-10°
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Table 4: Bump height relative to local boundary-layer displacement thickness for the data points of Figure 20.

hovs /oL oL
Pr | (hia=0.006) | (h/a=0.013) | (h/a = 0.021)
0.015 0.97 217 3.68
0.032 0.99 221 3.75
0.060 104 233 3.95
0.095 1.06 237 4.02
0.117 107 239 4.05

A look at Figure 18 and Figure 20 shows that the observed decrease in the transition Reynolds number for
a certain increase in the bump height-to-length ratio was qualitatively similar to that predicted in Masad
and lyer (1993). The critical imperfection values provided by the criterion of Carmichael (1959) are close
to the height-to-length ratio of the small bump (h/a = 0.006), especially in the case at M = 0.50, while the
critical values of h/a provided by the correlation of Fage (1943) are smaller. For most of the global
pressure gradients examined in the present experiments, a significant reduction of the transition Reynolds
number was found at h/a=0.006, as compared to the value of Re,r, for the clean configuration. This
result is in qualitative agreement with the predictions based on the criterion of Fage (1943), while the
critical value of h/a seems to be generally overpredicted by the criterion of Carmichael (1959). In Perraud
et al. (2004), a significant reduction of the transition Reynolds number was already observed for
h/a <0.004. At this point of the discussion, it should be reminded that the bump height-to-length ratio
alone is not sufficient to completely describe the effect of bumps on boundary-layer transition: there are a
number of other factors that have an influence on the value of the transition Reynolds number (global
pressure gradient, freestream turbulence, model surface quality, compressibility, location and shape of the
imperfection, among others). In Carmichael (1959), the imperfection had the form of a sinusoidal wave,
instead of the sinusoidal bump examined in Fage (1943), Perraud et al. (2004) and in the present work; the
contour of the bump mainly considered in Masad and lyer (1993) was a cubic function of the streamwise
coordinate. A high subsonic Mach number (M = 0.8) was studied in Masad and lyer (1993), whereas the
Mach number was “low to moderate” in Fage (1943) and Carmichael (1959). Slightly and strongly
stabilized boundary layers (via flow acceleration and wall suction) were considered in the experiments
reported in Fage (1943) and Carmichael (1959), respectively. As discussed in Holmes (1985), the criterion
of Carmichael (1959) is therefore regarded to apply for boundary layers under a similar degree of (strong)
stabilization, while it is expected to “overpredict the allowable waviness in a region of unaccelerated
flow”. The criterion of Fage (1943) is recommended in cases with nearly-zero pressure gradient. The
prediction of Masad and lyer (1993) was obtained for a zero global pressure gradient, while the variation
of the transition Reynolds number was measured in Perraud et al. (2004) on an NLF supercritical airfoil
model at a negative angle-of-attack, i.e., with a favorable global pressure gradient. As can be seen from
Figure 18 and Figure 20, a reduction in the transition Reynolds number was observed in both previous
investigations at values of h/a smaller than the critical value from Carmichael (1959), while the critical
value of h/a from Fage (1943) appears to be in qualitative agreement with the reduction in the transition
Reynolds number predicted in Masad and lyer (1993). In fact, the reduction in Re,r with increasing h/a
was more pronounced for the data of Perraud et al. (2004), i.e., for an accelerated flow, than for the data of
Masad and lyer (1993), where the global pressure gradient was zero. Also in the present work, the
reduction in the transition Reynolds number with increasing h/a was more marked at larger values of Sy
(e.g., at /4 =0.096 and 0.117 for M =0.77 and 0.50, respectively) than that observed at smaller Hartree
parameters (e.g., at Sy =0.063 and 0.015 for M =0.77 and 0.50, respectively). The global pressure
gradient thus appears to have a fundamental role in the sensitivity of boundary-layer transition to changes
in the imperfection height-to-length ratio. The increased transition sensitivity with stronger global flow
acceleration can be illustrated by considering the reduced streamwise gradient of the N-factor curves of
Tollmien-Schlichting waves in the region at sufficient distance from the bumps, in a manner analogous to
that discussed in Costantini (2016) for the increased transition sensitivity in the presence of forward-
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facing steps at larger Hartree parameters. Assuming that the bump-induced increase in the N-factors is
approximately the same for the examined global pressure gradients, and also that the transition N-factor
remains approximately unchanged, the expected upstream shift of the transition location for a certain
value of h/a is expected to be larger for a flatter N-factor curve (i.e., at larger Sy) than for a steeper one
(i.e., at smaller S4). This expectation is in line with the trends presented in Figure 18 and Figure 20.
Concluding this section, the critical values of h/a from the criteria of Fage (1943) and Carmichael (1959)
appear to be useful first estimations for the effect of bumps and waviness on boundary-layer transition, but
the actual global pressure gradient must be considered for a more accurate estimation of the variation of
the transition location as a function of the imperfection dimension.

5.2 Combined Effect of Bump Height-to-Length Ratio and Mach Number

The combined effect of h/a and Mach number on boundary-layer transition is discussed in this section for
the test conditions presented in Sec. 4.3. The results obtained at M = 0.35 to 0.77, including also those
achieved with the mid-bump configurations, are summarized in Figure 21. This figure is prepared in a
manner analogous to Figure 18 and Figure 20, but different symbols show here data obtained at different
Mach numbers. The ratios between the bump height h and the local boundary-layer displacement
thickness d; , for the corresponding data points of Figure 21 are reported in Table 5. Note in Figure 21 that
the critical values of the imperfection size provided by the criteria of Fage (1943) and Carmichael (1959)
are independent of the Mach number (while they depend on the chord Reynolds number), whereas the
values of the transition Reynolds number — as well as their variations as a function of h/a — were predicted
in Masad and lyer (1993) to be dependent on the Mach number. The filled and open violet symbols
correspond to the transition Reynolds numbers obtained in Masad and lyer (1993) at M = 0.8 and 0.35,
respectively. (Since data were not available at M = 0.35, Resr was linearly interpolated from the values
computed at M = 0.3 and 0.4.) As can be seen from these two data sets, the transition Reynolds number
was predicted to increase at larger Mach numbers for bump height-to-length ratios up to h/a = 0.015,
while it remained essentially unchanged at larger values of h/a. A similar effect of compressibility on
bump-induced transition was predicted in Masad and Nayfeh (1992) and in Masad and Malik (1995). As
discussed in these earlier investigations, compressibility has two major effects on boundary-layer stability
in the presence of bumps: first, the amplification of boundary-layer disturbances at larger subsonic Mach
numbers is weakened in the regions at a sufficient distance from the bump; secondly, an increase in the
Mach number leads to a strengthening of the bump-induced variations in the surface pressure distribution
(see also Figure 15). In particular, the pressure gradient on the downstream side of the bump becomes
more adverse, and this leads to an enhancement of the local amplification of the boundary-layer
disturbances. Moreover, for a given value of h/a, the boundary layer is more likely to separate at larger
Mach numbers because of the more adverse pressure gradient. If separation occurs, amplification of
boundary-layer disturbances is strongly enhanced, as compared to the case of attached flow over the
downstream side of the bump. Even if separation occurs at all Mach numbers examined for a certain value
of h/a, the local disturbance amplification is expected to be more marked at larger Mach numbers, since
the size of the separated flow region increases with increasing Mach number. Therefore, the overall effect
of compressibility on bump-induced transition depends on which of these two counteracting effects is
predominant. In Masad and Nayfeh (1992), Masad and lyer (1993) and Masad and Malik (1995), the net
effect of compressibility was found to be stabilizing; however, this favorable influence was shown in
Masad and lyer (1993) to become weaker at larger values of h/a. This trend can be also seen in Figure 21
(violet symbols).
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Table 5: Bump height relative to local boundary-layer displacement thickness for the data points of Figure 21.
M h/dy h/dy h/dy
(h/a=0.006) | (h/a=0.013) | (h/a=0.021)
0.77 111 2.48 421
0.65 1.13 2.52 4.27
0.50 1.20 2.67 4.54
0.35 1.22 2.71 4,61

In the present work, larger transition Reynolds numbers were measured at smaller Mach numbers for the
smooth and small-bump configurations, a trend opposite to that expected from linear stability theory. As
discussed in Sec. 4.3, this effect was very likely due to the increased level of external disturbances in
DNW-KRG and to the larger wall temperature ratio T,/T,, at larger Mach numbers. In the case of the
small bump, the more marked adverse pressure gradient on the downstream side of the bump found at
larger Mach numbers may have also contributed to the observed trend. Spectra of total pressure
fluctuations p'o in DNW-KRG were measured in Koch (2004) for different Mach numbers; the variation of

p'o as a function of the frequency f and of the Mach number M was approximated in Risius et al. (2018)
and Risius (2018) by the following relation:

plo/]_)() =f 0.036 - M -0.458 | 10 1.537 - M - 3.462 (IV)

where p, is the average value of the total pressure. Nevertheless, the sensitivity of the transition Reynolds
number to variations in the Mach number was observed in the present work to weaken for increasing
values of h/a (see Figure 21). This also resulted in a more pronounced reduction of the transition Reynolds
number with increasing h/a for smaller Mach numbers. In contrast, the reduction in Re,r as a function of
h/a observed for the data from Masad and lyer (1993) was more marked at larger Mach numbers. These
different trends may be due to a number of factors not directly related to compressibility effects: besides
the aforementioned variations of disturbance environment and wall temperature ratio as function of the
Mach number (which are specific to DNW-KRG), other factors influencing bump-induced transition are —
among others — the bump shape and the bump location. In particular, the bump contour considered in
Masad and lyer (1993) in the vicinity of the bump start/end and of the bump crest was slightly steeper and
flatter, respectively, than that examined in the present work. This presumably influenced the evolution of

30



Revision 1. Submitted to the Special Issue of Experimental Thermal and Fluid Science (ETFS) dedicated to the 5 International
Conference on Experimental Fluid Mechanics (ICEFM)

the bump-induced flow variation (and boundary-layer disturbance amplification) as a function of the Mach
number. Moreover, the value of the Reynolds number at the bump location was Re,, =1 - 10° in Masad
and lyer (1993), i.e., smaller than those considered in the present work. The value of Re,, was shown in
Masad and lyer (1993) and Masad and Malik (1995) to have a significant impact on the behavior of bump-
induced transition.

In the present study, the compressibility effect on bump-induced transition could not be examined
independently from the aforementioned parameters. In fact, the application of a method to “reveal” the
effect of compressibility on transition, such as that presented in Risius et al. (2018) and Risius (2018) for a
smooth surface, is precluded here by the lack of quantitative information on the interaction between the
bumps and the boundary-layer disturbances at different Mach numbers. Nevertheless, the trends for the
variation of Re,r as a function of h/a discussed in Sec. 5.1 are confirmed in Figure 21 for all examined
Mach numbers. At a bump height-to-length ratio approximately corresponding to the critical value of h/a
from Carmichael (1959), a significant decrease in the transition Reynolds number was observed for the
present data and for those of Masad and lyer (1993), while the critical h/a from Fage (1943) appears to
qualitatively predict the reduction of Re,r found in this work and in Masad and lyer (1993).

5.3 Combined Effect of Bump Height-to-Length Ratio and Chord Reynolds Number

The influence of the bump height-to-length ratio h/a on boundary-layer transition is analyzed in this
section in combination with the effect of the chord Reynolds number Re. The examined test conditions are
those presented in Sec. 4.4. The results obtained at the three different Reynolds numbers are summarized
in Figure 22, where the transition Reynolds number is presented as a function of the bump height-to-
length ratio. The data obtained at different chord Reynolds numbers are shown by symbols with different
colors, while the values of Re,, for the different chord Reynolds numbers are indicated by dotted lines
with the same colors as those of the corresponding transition data. (The Reynolds number based on the
bump location increased from Re,, = 2.7 to 4.5 - 10° as the Reynolds number was increased from Re = 6
to 10 - 10%.) The correlations between Re,r and critical h/a reported by Fage (1943) are shown by dashed-
dotted lines, whereas the critical bump-to-height ratios derived from the criterion provided by Carmichael
(1959) are indicated by dashed lines. In these earlier works, it had been already found that an increase in
the chord Reynolds number led to a decrease in the allowable size of imperfections for maintenance of
laminar flow. This effect is accounted for in Egs. (1) and (1) and shown in Figure 22 by dashed-dotted and
dashed lines with different colors, which match those of the corresponding chord Reynolds numbers. The
values of the bump height h relative to the local boundary-layer displacement thickness ¢, , are reported in
Table 6 for the corresponding data points of Figure 22.
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Table 6: Bump height relative to local boundary-layer displacement thickness for the data points of Figure 22.

o] hiow hows ho.,

Re 11071 1/a = 0.006) | (h/a=0.013) | (ha = 0.021)
6 115 256 434
8 133 2.97 5.03
10 146 3.26 5.54

As presented in Sec. 4.4, bump-induced transition was observed in the present work to occur at a more
upstream location at larger chord Reynolds numbers. This finding is in line with the experimental results
of Fage (1943) and Carmichael (1959), and also with the predictions of Masad and lyer (1993) and Masad
and Malik (1995). However, the transition Reynolds humber was seen to increase at larger values of Re
for both small and big bumps configurations (i.e., for h/a = 0.006 and 0.021, respectively). The reason for
the increase of Re,r with increasing chord Reynolds number at h/a = 0.021 is that transition occurred over
the downstream side of the big bump. As shown in Sec. 4.4, the upstream shift in the transition location
for an increase in the chord Reynolds number from Re =6 to 8 - 10° was small in the case of the big
bump; the transition Reynolds number thus scaled almost linearly with Re. This behavior is in line with
the predictions of Masad and lyer (1993) and Masad and Malik (1995) for transition occurring over the
downstream side of a big bump, where boundary-layer separation was enhanced at larger unit Reynolds
numbers U./v,.. (At Re =10 - 10° for the reasons discussed in Sec. 4.4, transition was detected in the
present work upstream of the bump crest; the corresponding data point in Figure 22 is therefore below the
blue dotted line indicating the value of Re,,.) The behavior observed at h/a =0.006 appears to be in
contrast to the predictions of Masad and lyer (1993) and Masad and Malik (1995), where Re,r was found
to decrease at larger unit Reynolds numbers (for fixed bump location x;), provided that transition occurred
downstream of the bump end. Moreover, the present experimental observations seem to be also in contrast
to the expectation of a more pronounced impact on transition of bumps with larger relative bump height
h/é,p (as given here by larger Re, see Table 6). One possible reason for the difference between the
evolution of Re,r as a function of Re observed here at h/a =0.006 and that found in Masad and lyer
(1993) and Masad and Malik (1995) for small bumps may be the different value of the bump location. In
fact, the value of x, considered in those previous numerical studies was smaller than that examined in the
present work; in particular, the range of Re,, at which transition occurred downstream of the bump end in
Masad and lyer (1993) and Masad and Malik (1995) was below Rey, = 1.8 - 10°, i.e., below the values of
Re,, considered here. Another possible reason for the unexpected increase of Re,r with increasing Re at
h/a =0.006 may be the “unit Reynolds number effect” on transition in DNW-KRG, which was discussed
in Risius et al. (2018) and Risius (2018) for a smooth flat-plate configuration. As can be seen in Eq. (IV),
the level of external disturbances (total pressure fluctuations) in DNW-KRG decreases at larger
frequencies. At the same time, for transition occurring downstream of the bump end, the frequency of the
most amplified Tollmien-Schlichting wave at xy/c was shown in Masad and lyer (1993) to increase at
larger unit Reynolds numbers. Assuming that the receptivity process is approximately the same, the
decreased level of external disturbances at larger frequencies in DNW-KRG may lead to a smaller initial
amplitude of the Tollmien-Schlichting waves responsible for transition at larger Re, and thus to the
observed increase in the transition Reynolds number.

6 Conclusions

The effect of surface bumps on boundary-layer transition was investigated in the low-turbulence
Cryogenic Ludwieg-Tube Gottingen by means of the temperature-sensitive paint measurement technique.
The experiments were conducted in a compressible (quasi-) two-dimensional flow at subsonic freestream
Mach numbers from 0.35 to 0.77 and chord Reynolds numbers from 3.5 to 10 - 10°. Various streamwise
pressure gradients, relevant for natural laminar flow surfaces, were implemented. A two-dimensional flat-
plate model was modified to enable the installation of exchangeable inserts on the model upper side.
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Quasi-two-dimensional bumps, with a sinusoidal shape in the streamwise direction, were manufactured on
the inserts. The model was also equipped with pressure taps for the measurement of the surface pressure
distributions. Three bumps with fixed length and different height were examined in this work.

The effect of a larger bump height-to-length ratio was to induce boundary-layer transition to occur at a
more upstream location; this effect was particularly pronounced in the case of flow separation caused by
the local adverse pressure gradient on the downstream side of the bump, with transition occurring even
upstream of the end of the bump. The presence of a laminar separation bubble on the downstream side of
the largest examined bump was verified via oil-film visualizations.

In the case of the bump with the smallest height-to-length ratio, stronger global flow acceleration led
bump-induced transition to occur at a more downstream location; in contrast, transition induced by the
bump with the largest height-to-length ratio was essentially unaffected by the global pressure gradient.
The effect of the global flow acceleration on transition induced by the medium-sized bump was dependent
on the Mach and Reynolds numbers. At larger Mach and Reynolds numbers, transition occurred in the
region of adverse pressure gradient downstream of the bump crest, and the transition location remained
essentially unchanged as the global pressure gradient was varied. In contrast, at smaller Mach and
Reynolds numbers, the laminar boundary layer lasted over the region of local adverse pressure gradient,
and the transition location showed a moderate dependency on the global pressure gradient. The sensitivity
of boundary-layer transition to the influence of the bumps was found to be dependent on the global
pressure gradient: the variation of the transition Reynolds number as a function of the bump height-to-
length ratio was more pronounced in the case of stronger global flow acceleration. The present results
show that the influence on transition of the global streamwise pressure gradient has to be accounted for to
improve the reliability of criteria for allowable size of bumps on natural laminar flow surfaces, as
compared to those provided in previous work.

The effect of a larger Mach number on bump-induced transition at small values of the bump height-to-
length ratio was to decrease the transition Reynolds number. In a manner analogous to that observed in
previous work on a smooth surface, this result was very likely due to the increase in the external
disturbance level and in the wall temperature ratio at larger Mach numbers, which are specific to the used
wind tunnel; however, the more marked adverse pressure gradient on the downstream side of the bump
may have also contributed to the observed trend. Nevertheless, the reduction in the transition Reynolds
number (with respect to its value obtained with a smooth surface) due to the effect of the small bump was
less marked at larger Mach numbers. At larger values of the bump height-to-length ratio, the effect of the
Mach number on boundary-layer transition was significantly weakened: it even vanished in the presence
of the bump with the largest height-to-length ratio.

Larger transition Reynolds numbers were obtained with increasing chord Reynolds numbers. For large
values of the bump height-to-length ratio, however, this result should be not misinterpreted: in fact,
transition occurred in the adverse pressure gradient region on the downstream side of the bump at all
considered chord Reynolds numbers. Since the transition location remained essentially unchanged, the
transition Reynolds number scaled almost linearly with the chord Reynolds number. The increase in the
transition Reynolds number at larger chord Reynolds numbers observed at small values of the bump
height-to-length ratio was in contrast with the predictions of previous numerical studies. Possible reasons
for the different evolution found in the present work are the more downstream bump location examined
here and the “unit Reynolds number effect”, already described in previous work on smooth surfaces.
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