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ABSTRACT

Time-resolved pressure measurements were analyzed us-
ing spectral analysis. This study aims to investigate critical
phenomena in flow separation over a bump with a ratio of
bump height to boundary layer thickness (2/8) between 1 and
1.4 at different Reynolds numbers based on bump height (Rey,)
ranging from 2.8 x 10% to 8.8 x 10*. In this present work, spec-
tral analysis was evaluated for a deeper understanding of the
various fluid dynamics phenomena often detected in a sepa-
rated flow over a modified Boeing bump. These fluid dynamics
phenomena are often divided into three regions; breathing or
flapping, vortex shedding and small-scale turbulence. Breath-
ing or flapping at low-frequency of large coherent structure
unsteadiness is associated with the expansion and contraction
of the turbulent separation bubble (TSB) or the flapping of
separated shear layer. This first region has been identified at
Strouhal number Stz ~ 0.07 —0.4. A second region repre-
sentative of vortex shedding at medium frequencies was iden-
tified at Sty sep > 0.4. Small-scale turbulence at high frequency
unsteadiness region was detected indicating the break down
of the large shear layers due to Kelvin-Helmoltz instability.
The interpretation of the low and medium frequencies origin
is still ambiguous and requires extensive exploration in sepa-
rated flow. With increased insight of the physics of separation,
new strategies could be incorporated to mitigate flow separa-
tion.

INTRODUCTION

Turbulent boundary layer (TBL) separation is a critical
fluid dynamic phenomenon that has been a topic of interest in
various computational and experimental studies. Flow separa-
tion leads to an increase in drag over aircraft, automobile and
ships. A strong adverse pressure gradient (APG) leads to TBL
separation along the surface of a body leading to further aero-
dynamics implications. A TSB occurs when the TBL detaches
from the surface of the geometry and reattaches further down-
stream creating a bubble as the name implies. Low-frequency
coherent structures have been the center of attention to better
understand complicated flow dynamics over different geome-

tries Manohar et al. (2026); Steinfurth et al. (2024); Fang &
Wang (2024); Steinfurth et al. (2025); Chen et al. (2024).
Flow separation has been studied over distinct geometries
including the three dimensional Boeing Gaussian bump by
Williams et al. (2021), the BeVERLI hill (Duetsch-Patel et al.
(2022)) and the FAITH hill (Bell et al. (2012)). These inves-
tigations provide different flow conditions like Reynolds num-
ber and aspect ratio to compare distinct observations of TBL
separation leading to a deeper understanding of the intriguing
physics hidden behind flow separation phenomena. A range of
important frequencies have been highlighted at medium and
low frequencies. Very low frequencies, St < 1 x 1073 have
been reported by some researchers on Boeing bumps Manohar
et al. (2026) and the Ahmed body Chen et al. (2024) marking
an exhibit of bi-stable behavior. Low frequencies, at St < 0.05,
have been observed in several studies, including on Boeing
bumps and backward-facing ramps Klopsch ez al. (2025); Ste-
infurth er al. (2025). Manohar er al. (2026) captures low-
frequency unsteadiness at St = 0.068. But other studies on
Boeing bumps have not shown evidence of such low frequency
activity Williams er al. (2022).

Many studies have found medium-frequency spectral con-
tent, with 0.1 < St < 1, with the exact bounds varying from
study-to-study, along with the exact definition of the Strouhal
number. These medium frequency regions were observed
on Boeing bumps Williams et al. (2022); Klopsch et al.
(2025), pressure-induced separation Mohammed-Taifour &
Weiss (2016); Fang & Wang (2024), airfoils Floc’h et al.
(2024), and ramps Steinfurth er al. (2025). These medium-
frequency ranges are associated with vortex shedding in the
separated region Eaton & Johnston (1982); Weiss et al. (2015).
Open questions include the extent to which these low- and
medium-frequency motions are geometry dependent, and if
so, on which length scale(s) they scale, and whether they are
Reynolds number dependent. The present work uses a mod-
ification to a Boeing bump that has a different aspect ratio
to move towards clarification on the spanwise and stream-
wise length scales that may affect the low- and medium-
frequency motions. This manuscript explores the presence of
low, medium and high frequency unsteadiness regions asso-
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ciated to major flow dynamics phenomena that occur during
flow separation.

EXPERIMENTAL METHODS

The modified Gaussian Boeing bump design, shown in
figure 1, features three removable inserts to conduct high-
frequency pressure and wall shear stress measurements, and
will be used for future flow control testing to mitigate flow
separation. The bump is Gaussian in the streamwise direc-
tion and tapered towards the wall; the flow was characterized
in (Aziz et al. (2026)). The same equation 1 of the original
Gaussian Boeing speed bump geometry that has been used by
(Gray et al. (2021); Rizzetta & Garmann (2023); Gray et al.
(2022)) is modified here to accommodate desired experimen-
tal techniques. The original bump has been modified to have
two flat regions on the upstream and downstream sides to im-
plement proper inserts for various forces measurements.

The original bump equation 1 has a Gaussian distribution with
a height profile represented as y¢ that varies with the stream-
wise coordinate x; and the spanwise coordinate z;, with an
error function. The breadth and the steepness of the bump pro-
file is defined as xo = 0.225L and z9 = 0.06L. Equation 2 rep-
resents the modified equation where y, represents the bump
profile height with y, = yg between |x| < x| and |x| > x;. The
bump geometry was modified in the region x; < |x| < x; in-
troducing a linear relationship between x and y,. D represents
the slope of the linear region with x, the linear region extends
from x; = 0.08 to x; = 0.12. The same flat region is mirrored
to the upstream region —x; < |x| < —x1 but with a —D slope.
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Experiments were executed in a subsonic turbulent bound-
ary layer wind tunnel at the University of Illinois at Urbana-
Champaign within a test section that has a cross-sectional area
of 0.381 x 0.381 m? and is 3.657 m long. The TBL evolves
for 2.35 m over a flat plate before reaching the bump placed
in the test section. Table 1 summarizes flow testing parame-
ters, the freestream velocity (U), the Reynolds number based
on the bump height (Re;,) and the sampling time (Ty) for pres-
sure measurements. Ty = L/(St - Us,) was identified using a
Strouhal number of St = 103 reported previously in flow sep-
aration region by (Williams & Smits (2025)). L represents the
width of the bump in the spanwise direction with L = 0.381
m and / represents the maximum height of the bump where
h = 0.15L. The height of the bump represents 19.3 % of the
distance between the flat plate top surface and the ceiling of
the wind tunnel.
Time-resolved pressure measurements on the downstream
sides of the bump were taken using Kulite XCQ-093 with 30
kHz temporal resolution and a sensitivity of 20 mV/ psi. Four
Kulites are shown in figure 1 mounted on the upstream side of
the bump and flush with the surface. The sensors were placed
at one streamwise position of x/L = 0.25 and four spanwise
positions symmetrically spaced in respect to the center of the
bump with 45 mm distance between each Kulite.

Figure 1: Modified Boeing bump.

Table 1: Experimental flow parameters.

Test 1 2 3
U.. 77 196 242
Re, x 10 2.8 7.1 8.8
T,(s) 50 20 16

RESULTS AND DISCUSSION

Welch’s method was used to estimate the power spectral

density (PSD) of time-resolved pressure measurements. The
number of samples per segment known as nperseg was set to
two different values depending on the frequencies we are inter-
ested in analyzing, a 50 % overlap was chosen and a Hamming
windowing was used.
The pressure measurements from the downstream side of the
bump at the single x-location and four z-locations were pro-
cessed using the Welch’s method. Long time signals were
measured to enable the study of low Strouhal numbers, which
are defined here in terms of an estimated separation length,
which here is taken as L., = L/3 Mabey (1972); Annamalai
(2022). Welch’s method requires binning the time signal into
distinct regions in order to separately estimate their spectral
content and average, to reduce noise. The number of samples
used per segment was varied to enable the study of different
frequencies: 2! was used for the lower and medium frequen-
cies while 2! was used for the higher frequencies to reduce
noise.

The results of the spectral content of time-resolved pres-
sure measurements are shown in figures 2 and 3. The y-
axis represents the PSD of the time-resolved pressure mea-
surements in the separated region of the bump and the x-axis
represents the Strouhal number St;,,, normalized by the sep-
aration length. Figure 2 represents the spectral content us-
ing nperseg = 2'5 where each of the figures 2a, 2b and 2c
represent the spectra of U, = 7.7,19.6 and 24.2 m/s respec-
tively. Figure 3 shows the spectral content using nperseg =
211 where figures 3a, 3b and 3c represent the spectra of
Uso =7.7,19.6 and 24.2 m/s respectively for all three flow con-
ditions mentioned in table 1. For all three freestream velocities
plotted in figure 2, low and medium frequency regions were
identified.
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In the figures with nperseg = 213 (figures 2a, 2b and 2c),
peaks are observed in the ranges Stz ,, = 0.07 — 0.4, with main-
tained high energy in the very low frequencies (St,,, < 0.07
but without distinct peaks. In the two cases with higher veloc-
ity, strong peaks are observed at St ., = 0.094, f = 14.65 Hz
and St15.p = 0.076, f = 14.44 Hz. Two additional peaks im-
mediately follow at St5.p, = 0.18 at f = 28.1 Hz and St5.p =
0.23 at f = 35.85 for the Us = 19.6 m/s and Sty 4., = 0.14 at
f=126.95Hz and the second one is located about St 5., = 0.18
at f = 34.65 for the U, = 24.2 m/s cases. We can observe
that these three peaks are related in their frequency content.
We observe that the second peak is approximately twice the
first peak, and that the third peak is approximately the sum of
the first two. We therefore suggest that these three peaks all
represent the same fundamental dynamics, with the harmonic
and triadic relationship highlighting that they likely are col-
lectively representing the skewness of the underlying coher-
ent structure Manthripragada & Saxton-Fox (2024); Duvvuri
& McKeon (2015). There is also a smaller and smoother hump
near Str,,, ~ 1. Very low frequency content is observed, sug-
gesting that there is a very slow variation in the separation
region leading to a very slow variation in the pressure at the
surface of the bump.

The frequency content observed is consistent with prior
studies on three-dimensional Gaussian bumps, though the
present bump has a slighty different geometry than the tradi-
tional Boeing speed bump. Manohar et al. (2023) identified a
peak at St = 0.07, f = 13.5 Hz, which they associated with the
breathing motion or flapping of the separated shear layer. They
also identified a motion at f = 20 Hz, which they associated
with vortex shedding of the lateral shear layers Manohar et al.
(2026). A higher Strouhal number of 0.68, f = 135 to 200
Hz was identified by Manohar et al. (2026) as the centerline
shear-layer shedding; this observation represents large-scales
coherent structures amalgamation and is often detected in sep-
arated flows due to Kelvin-Helmoltz instability Cherry et al.
(1984).

We also note that the choice of Strouhal number that is
used in figure 2 does not lead to a collapse in the Strouhal num-
ber associated with peaks as the Reynolds number is change.
The Reynolds number dependence may indicate that the sepa-
ration bubble length is a strong function of Reynolds number,
which was observed for a similar bump in prior studies Borra
(2024). Future work will include particle image velocimetry
to study the size of the separation bubble.

CONCLUSION

We inspected the frequency content and spanwise-
variability of the pressure to look for signatures of the breath-
ing, vortex shedding, and small-scale turbulent activity in the
separated region located downstream of a three-dimensional
bump. Very low-frequency was detected around Stz s, = 0.006
requiring further analysis to determine its underlying mech-
anism responsible of this behavior. A breathing or flapping
region was identified at Stzsp = 0.07 — 0.4 with dominant
peaks at Stysep = 0.094, Strsep = 0.18 and Stz5p = 0.23 for
the U = 19.6 m/s case and Sty5.p = 0.076, Sty = 0.14 and
Strsep = 0.18 for the U = 24.2 m/s case. A vortex shedding
region was identified at St5.p > 0.4. Small-scales turbulence
structure at Sty > 1 was identified over a larger frequency
range with no prominent peaks. We compared the frequency
content observed on this geometry to those of previously stud-
ied bumps and geometries to understand the relationship be-
tween geometry and separation frequency content. We found

that low and medium frequencies are present and significantly
more energetic with a higher spectral energy as the freestream
velocity increases from 7.7 m/s to 24.2 m/s.

Further studies aim to implement spectral proper orthogonal
decomposition (SPOD) to extract coherent structures at spe-
cific frequencies we are interested in to farther expand our in-
vestigation. Particle image velocimetry (PIV) will allow us
to capture and analyze large scale coherent structure that are
highly crucial and have been the main topic of interest for
many in the fluid dynamics community.
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