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ABSTRACT
Sub-convective wall pressure fluctuations, which are

known to coexist with superstructures in turbulent boundary
layer flows, are discussed with implications for wall pres-
sure modeling of surface flow noise generated by smooth and
rough surfaces. Discrepancies in past measurements of the
sub-convective pressure spectrum have been due to limita-
tions in measurement techniques. The study presented here
identifies an approach towards accurately measuring the sub-
convective pressure fluctuations and quantifies the spectrum
at low-wavenumbers for a single flow condition for two sur-
faces. Correlations between different sensors suggests smaller
scales in rough walls than smooth walls. The sub-convective
pressure spectrum levels observed are about 35 dB below the
convective pressure fluctuations for smooth walls while 15-20
dB for rough walls. A non-wavenumber-white dependence
is observed at higher frequencies for smooth walls while a
wavenumber-white behavior is depicted for rough walls. Com-
parisons with a modified Corcos wall pressure model show
deviations in convective ridge roll-off and levels in the sub-
convective regime at various frequencies. A convection veloc-
ity dependency is observed for both smooth and rough walls
with higher prominence in the latter case.

INTRODUCTION
The turbulent boundary layer wall pressure wavenumber-

frequency spectrum for a homogeneous, zero-pressure gradi-
ent, high Reynolds number flow can be divided into three re-
gions: i) convective ridge, ii) sub-convective regime and iii)
supersonic cone. There have been large dissimilarities identi-
fied between well-known wall pressure models and measured
data for the sub-convective and supersonic regions (Graham,
1997; Blake, 2017). Additionally, past measurements are dif-
ficult to compare with since they are mostly available for a few
discrete wavenumber and frequency points due to the limita-
tions in measurement approaches. Amongst models, there are
variations at low-wavenumbers due to different theories behind
their description and scarcity in data (Graham, 1997). Further-
more, the quantification of pressure fluctuations has been very
limited for practical flows, such as those with surface rough-
ness. When surface roughness is introduced into a turbulent
boundary layer, the wall-pressure frequency spectrum changes
quite drastically (Catlett et al., 2021). Many measurements
of the single-point wall pressure spectrum have been made
for fully rough turbulent boundary layer flows, and there has
been success in modeling these spectra across wide frequency
ranges (Blake, 2017; Catlett et al., 2021). However, reliable

measurements and models of the continuous wavenumber-
frequency spectrum for rough wall turbulent boundary layer
flows are required if we are to understand the parts of the pres-
sure field that contribute most to structural vibration and noise.

In both smooth and rough wall turbulent boundary layer
flows, pressure fluctuations pertaining to the sub-convective
regime are primarily responsible for generating interior and
exterior noise by coupling with the primary structural modes
of the surface (Abtahi et al., 2024). The major contributing
factor to the disparities seen between various wall pressure
models can be attributed to challenges in measuring the sub-
convective pressure fluctuations distinctly. This is a two-fold
problem. First, due to the weak nature of sub-convective pres-
sure fluctuations, it is difficult to distinguish them from the
dominant convective fluctuations, and the acoustic contamina-
tion of the facility. Second, limitations in wall pressure sens-
ing technology result in measurements that suffer from spatial
aliasing and poor signal-to-noise ratio in the sub-convective
regime.

Recently, there have been developments on wall pressure
sensing involving sub-resonant acoustic cavities covered with
a Kevlar scrim to measure boundary layer pressure fluctua-
tions with better signal-to-noise ratios (Damani et al., 2022a).
Such cavity based-sensors have minimal disturbance to the
flow characteristics (Damani et al., 2022b). These Kevlar cov-
ered cavities provide area averaging of surface pressure fluc-
tuations but were found to have membrane effects making it
difficult to control the averaging. An extension of this tech-
nology, recently tested by Damani et al. (2024), uses acoustic
resonating cavities with a rigid porous interface made up of
the same 3D-printed material (Accura 60) as the cavities per-
forated with a designed distribution of small pores. This avoids
membrane-effect complications in sensor response, allows for
the embedding of sensors in both smooth and rough walls, and
provides additional freedom in sensor shape and area sensitiv-
ity. This in turn allows for closer placements between adja-
cent sensors, hence pushing aliasing to higher wavenumbers.
In the current study, measurements have been obtained for a
continuous range of wavenumbers and frequencies, revealing
a well-defined separation between the various regions in the
wavenumber-frequency spectrum. The measurements were
taken using an array of evolved sensors as described in Damani
et al. (2024) over near zero-pressure gradient boundary layer
flows on smooth and rough walls. A quantitative comparison
is performed between the characteristics of the sub-convective
wall pressure for smooth and rough walls for a single flow con-
dition.
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EXPERIMENTAL SETUP
Measurements were taken in the aerodynamic configura-

tion of the Virginia Tech Stability Wind Tunnel. A detailed de-
scription of the test section is given in Damani et al. (2022b).
Test boundary layers were formed on the 1.85 m wide port-
side wall of the test section, and initiated at a 3.18 mm high
trip strip located 3.58 m upstream of the test section entrance.
The test section is parallel sided and was empty except for a
0.914 m chord NACA 0012 airfoil placed at the center of the
test section with its span parallel to the port wall, and its lead-
ing edge 3.22 m downstream of the test section entrance and
0.925 m away from the test wall. For the measurements pre-
sented here, the airfoil was held at zero angle of attack so that
pressure gradients along the test wall remained small. Mea-
surements were made at free-stream flow speeds close to 23
m/s. Precise test conditions (including residual pressure gradi-
ents and boundary layer properties) are given in Table 1.

Two surface finishes were studied: a smooth wall and a
rough wall. The smooth wall surface consisted of a factory
standard aluminum 6061 surface finish while the rough wall
was comprised of staggered cylindrical roughness elements
arranged according to Figure 1. The rough surface was ap-
plied starting at the test section entrance. The rough surface
dimensions were selected in order to tile seamlessly between
panels in the facility, and have been investigated extensively
both experimentally and numerically by Vishwanathan et al.
(2023); Mulchandani et al. (2021). The effective sand-grain
roughness to geometric roughness height ratio for this surface
is ks/kg = 1.6 (Vishwanathan et al., 2023). For the conditions
of the present study (Table 1) the roughness Reynolds number
was found to be k+s ≈ 210, indicating a fully rough flow.

Measurements of the spanwise-homogeneous mean ve-
locity profiles of the boundary layers, supplementing those
made by Vishwanathan et al. (2023), were obtained using a
Pitot-static rake. These profiles, Figure 1, indicate boundary
layer thicknesses of 69.7 mm and 94.0 mm at friction Reynolds
numbers of 3320 and 6130, respectively for the smooth and
rough flows. Note that the Clauser parameter value indicates a
small favorable pressure gradient for both cases.

Figure 1: Left: Staggered cylinder rough wall dimensions
s = 6.93 mm, kg = 2 mm, d = 3.14 mm; Right: Bound-
ary boundary layer profile for smooth ( ) and rough
wall ( ).

Sub-Convective Pressure Sensing Arrays
The wall pressure measurements were conducted using

an array of in-house designed sensors. The smooth and
rough wall arrays were designed based on model predictions
of the wall pressure wavenumber-frequency spectrum they
would measure. These predictions used the modified Corcos

Table 1: Boundary layer parameters for smooth and
rough walls. Note on dimensions: length in mm, ve-
locity in m/s and viscous scale in µm.

Parameters Smooth Rough

Edge Velocity (Ue) 22.73 23.86

Boundary Layer Thickness (δ ) 69.7 94.0

Displacement Thickness (δ ∗) 10.4 19.5

Viscous Scale (ν/uτ ) 24.0 15.3

Friction Re (Reτ ) 3320 6130

Momentum Thickness Re (Reθ ) 9860 16970

Clauser Parameter (β ) -0.31 -0.16

Mach Number (M) 0.065 0.067

(Hwang et al., 2003) model for the wavenumber spectrum, the
Goody (Goody, 2004) frequency spectrum, and employed the
wavenumber transform of the spatial sensitivity function of the
sensor to arrive at the predicted measured spectrum. The spa-
tial sensitivity function of the sensors was assumed to be a
summation of uniformly weighted delta functions distributed
over space, each located at a pore location. We are assuming
here that at sub-resonant frequencies (below which no acoustic
modes are possible in the sensor cavities), the cavities behave
as simple multi-pore Helmholtz resonators, equally sensitive
to the pressure presented at each (identical pore). Bias errors
were evaluated between the predictions and a spanwise aver-
aged form of the spectrum for a pores distribution. On varying
the pores distribution over space, the errors revealed sensitiv-
ity towards arrangement of pores along the flow direction and
performed better for uniform distributions. Errors were mainly
studied in the sub-convective regime ranging from 0 − 200
rad/m and 100− 3000 Hz. Based on manufacturing capabil-
ities and error maps from the modeling approach, an array
design was chosen for both surfaces. The surface area inter-
acting with the flow for each sensor was chosen based on a
baseline flow condition in the facility and the wavenumber-
frequency range of interest. This has been documented in de-
tail by Damani et al. (2024).

The smooth wall array consisted of 80 sensors, each with
a rectangular sensing area extending 5 mm in the streamwise
direction and 50 mm spanwise. The sensors are placed in
a streamwise row, as closely as possible (5.5 mm center-to-
center distance). Each sensor (Figure 2a) used a lofted de-
sign for the cavity to accommodate the close sensor spacing.
Each sub-resonant cavity communicated the wall pressure to a
G.R.A.S. Type 40PH-S5 1/4” microphone at its base through
80, 0.4 mm diameter pores drilled into the rigid 1.1 mm thick
interface. The pores were laid out in a rectangular grid with
2.5 mm spacing in the spanwise direction and 1.375 mm in the
streamwise direction, as can be seen in Figure 2a. Adjacent
sensors were oriented in an alternating fashion to avoid micro-
phone overlap (Figure 2b). The array had a maximum sen-
sor separation of 434.5 mm, equivalent to 6.2δ . Photographic
views of the manufactured smooth wall array are shown in Fig-
ure 2c and 2d. The rough wall array had a very similar con-
struction to the smooth wall array except that the flow inter-
face included hollow roughness elements so that pores could
be drilled both through the elements and the substrate por-
tions of the surface. For the rough surface, the pore spacing
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changed to 1.732 mm in both directions. The cavities were
increased in size and the spacing between consecutive sensors
was 6.93 mm, to accommodate the periodicity of the rough-
ness elements on the surface. The rough wall array consisted
of 64 sensors covering a maximum separation of 436.4 mm,
equivalent to 4.6δ . A photographic view of the manufactured
rough wall array is shown in Figure 2e.

Both arrays were calibrated in an anechoic chamber with
a cut-off frequency of 100 Hz. A standard microphone calibra-
tion procedure was used involving reference pressure measure-

ments and measurements with the array of sensors using an
omnidirectional source (B&K Type 4292-L). The HBK Type
4144/4145 1” (23.7 mm) microphones were utilized for the
reference measurements. The source field function from the
reference measurement was used to back out individual sensor
response on the array. This also required time delay calcula-
tions due to differences in sensor and reference microphone
locations. The dynamic response was smoothed using curve
fitting to reduce any uncertainty due to the setup including
scattering from the mounting structure.

Figure 2: (a) CAD profile of sensor cavity shown for smooth (right) and rough (left) walls; (b) CAD sectional view of the
arrangement of the sensors in a linear pattern; (c) Photographic view of the smooth wall array of sensors from the flow
side; (d) View from the back side of the arrays showing the microphones; (e) Rough wall array from the flow side.

Two adjustments to the anechoic chamber calibrations
were necessary for the smooth wall array. First, phase cali-
brations showed a localized non-linear feature around 2 kHz
believed to be due to imperfections in the calibration sound
field. This was corrected by substituting a linear phase varia-
tion based on the measured calibration at surrounding frequen-
cies. Second, magnitude calibrations were adjusted to account
for grazing flow effects (Fritsch et al., 2021). Measurements
of the pointwise wall pressure spectrum made with the HBK
1/8” pinhole microphones, represented as an analytic function
obtained by fitting a Goody-like spectrum model, were used to
infer the form of the autospectrum averaged over the 50 × 5.5
mm area of the sub-resonant sensors. This was then used to
correct for residuals from the anechoic calibrations. This ap-
proach was chosen as it was not possible to directly measure
the wall pressure from the sensor without knowing its area av-
eraging capability and the grazing-flow dependence. In the
future, this will be done by quantifying area sensitivity of such
sensors using measurements or FEA simulations.

Measurements were made using a 16-bit data acquisition
system with simultaneous 128 channel sampling. The time
duration of sampling was chosen to be 320 seconds for the
smooth wall measurements with a sampling rate of 25600 Hz
after a coherence convergence study which yielded enough av-
erages (5000) to resolve turbulent pressure coherence levels
between sensor pairs down to 0.0003 (-35 dB), and in some
cases, significantly lower. The rough wall data acquisition
was made for 256 seconds at a sampling rate of 25600 Hz.
Long measurement times were used to capture the scales as-
sociated with superstructures and to reduce uncertainty in the
sub-convective (much weaker) fluctuations. The frequency
spectrum was evaluated with 4096 samples per record with a

50% overlap. Surface pressure measurements were also ob-
tained using a short array of four HBK Type 4144/4145 1” mi-
crophones (same microphones were used by Farabee & Geib
(1991)) arranged linearly with a streamwise separation of 26.9
mm. This array of microphones will be referred to as the F&G
array. The wavenumber-frequency spectrum levels were calcu-
lated using the difference mode described in Farabee & Geib
(1991) where the auto-spectrum from each alternating micro-
phone was subtracted while summing over all 4 microphones.
This generated a scaled zero-spanwise wavenumber spectrum
at a single wavenumber of π/d where d = 26.9 mm is the
distance between the microphones. The scaling factor was
5.7× 104 m2 which was divided out to obtain the spectrum
level. These measurements were taken to serve as a reference
for the measurements shown in this study. However, it is im-
portant to note that the measurements obtained using the F&G
array reflect levels for the zero-spanwise wavenumber compo-
nent of the wall pressure spectrum while the array measures
the spanwise averaged (over the sensor area) spectrum.

RESULTS
This section describes the statistical characteristics of the

sub-convective wall pressure fluctuations over smooth and
rough walls for flow conditions described in Table 1. The re-
sults are described in an increasing order of complexity start-
ing with the autospectrum of the sensors and their compari-
son with existing wall pressure models, followed by the cross-
correlation in the form of coherence and the wavenumber-
frequency spectrum. Selective slices of the wavenumber-
frequency spectrum are taken and compared with the modified
Corcos model. Note that all frequency axes would be limited
to the cut-off frequency of the sensor of 3500 Hz.
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Figure 3: Autospectrum comparisons between smooth
(red) and rough (black) walls. Reference measurements
(green) and models are also shown.

Figure 3 shows the averaged autospectrum in dB relative
to 20µPa of all sensors as-measured (solid), calibrated using
acoustic calibrations (dash-dotted) and flow-based calibrations
(dotted), for the flow conditions of Table 1. The smooth wall
is represented using the color red. The as-measured spectrum
shows a rise in levels close to 2 kHz which corresponds to the
resonance of the sensor cavity. Acoustic calibrated curve (red
dash-dotted) corrects for this resonance response but there is a
residual bump due to flow-grazing effects. Additionally, two
plots are shown for smooth wall from the F&G array (solid
green) and a pointwise pressure spectrum using the Goody
model (dashed red). Overall, there are variations in levels
among various plots and is mainly due to differences in area
over which pressure fluctuations are averaged. The pointwise
pressure spectrum model has higher broadband levels due to
the least area averaging. The measured pointwise levels (not
shown) are higher than the Goody model closer to the refer-
ence measurement (solid green) at low frequencies. The F&G
array measurements observe a steep roll-off after 600 Hz due
to highest area averaging followed by an aliased bump at 1800
Hz. The agreement between the flow-based calibrations and
the anechoic calibrations is within 2 dB with the exception
that the flow-based calibrations suppress the residual bump.
Hence, these calibrations are used for the smooth wall data in
the results that follow.

The rough wall data is represented using the color black
in Figure 3. This figure includes the same spectra plots as
smooth wall, except the reference plot, which corresponds
to pointwise pressure measurements performed using B&K
Type 4138 microphones with 0.5 mm pinhole cap. The as-
measured spectrum for the rough wall (solid black) shows a
significant bump at the resonant frequency of the cavity just
below 2 kHz. Acoustic calibrations applied to the spectrum
(black dash-dotted) correct for the bump seen at the resonant
frequency of the sensor, but due to effects of grazing flow, the
bump is not completely removed. Flow-based calibrations ap-
plied to the spectrum (black dotted) were obtained similar to
the smooth wall. However, this method has led to an over-
correction of the spectrum which significantly decreased levels
at high frequency, while increasing levels in the low frequency
regime. This introduces an uncertainty on the order of 10 dB
when using flow-based corrections, whereas the anechoic cal-
ibrations provide an uncertainty on the order of 3 dB. For this
reason, only anechoic calibrations have been used in the re-
sults that follow. Further studies aim to build upon current
flow-based calibrations to reduce this uncertainty through an

understanding of the area sensitivity over each sensor.
Figure 4a shows the surface pressure coherence for each

flow as a contour map with frequency in Hz as the ordinate
and streamwise separation in meters as the abscissa. As rows
of equally spaced sensors, the arrays contain many sensor pairs
that duplicate the same streamwise separations, particularly at
smaller separations. Unlike in a conventional acoustic array,
this redundancy is highly desirable since it provides further
opportunity for statistical averaging and convergence. Thus
coherence levels shown in these plots are averaged over these
duplicate separations. The coherence spectra show a distinct
decay with increasing separations, qualitatively similar to the
Corcos model decaying exponential. At higher separations
and frequencies the noise floor becomes apparent. It is to
be noted that the levels in this region seems to be 45-50 dB
below perfect coherence suggesting fluctuations 10−4 − 10−5

times weaker than convective fluctuations. Comparing the two
cases, one can observe significant coherence beyond the length
of the array (equivalent to 6− 7δ ) at low frequencies for the
smooth wall while the rough wall shows coherence dying away
just short of the array length (equivalent to only 4δ ). This re-
flects that the spatial scales extend to further distances in the
case of smooth wall while are restricted to a tighter band for
rough wall. An interesting feature of Figure 4a is the existence
of parallel ridges to a main region indicating a sinc (sinx/x)
function behavior at specific frequencies. This behavior is a
consequence of the surprising compactness of the smooth wall
convective ridge in wavenumber, as will be discussed further
below. This is not visible for the rough wall pressure field.

Close inspection of Figure 4a shows banding (saw-tooth
behavior) at intervals of 0.011 m along the x−axis. This re-

(a) Smooth wall

(b) Rough Wall

Figure 4: Average coherence between all sensors as a
function of frequency and spatial separation.
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sults from imperfection in the uniform area sensitivity func-
tion of the sub-resonant sensors. This results is an effective
spanwise separation between the adjacent sensors, an artifact
of area sensitivity slightly weighted to the microphone loca-
tion. Recently, there was an attempt to quantify this area sen-
sitivity offset using acoustic measurements and FEA analysis
with COMSOL. Both techniques suggest about 5 mm of effec-
tive spanwise separation, but further investigation is needed to
validate the possibility of corrections. Hence, this study will
present results with no correction for this spanwise offset.

On taking a Fourier transform of the cross-spectral matri-
ces along the spatial dimension, wavenumber-frequency spec-
tra are generated as shown in Figure 5. The abscissa shows
the wavenumber in rad/m until the Nyquist limit and the or-
dinate shows the frequency. The contours clearly depict the
distinction between the convective ridge (centered on black
dashed line) and the acoustic cone (red dashed line). The
acoustic cone is prominent at lower frequencies showing the
sound waves grazing the arrays. In the case of the smooth
wall boundary layer, Figure 5a, a sharp decay is observed in
levels as one moves away from the convective ridge to higher
frequencies at a given wavenumber. A 30-35 dB drop in lev-
els can be seen in the sub-convective portion of the spectrum
compared to the convective portion. Note that the feature that
runs parallel to the convective ridge originating at about 1200
Hz on the frequency axis is believed to be the result of aliasing
due to the effective spanwise offset described above. Compar-
ing model predictions (Damani et al., 2024) with an effective
spanwise shift to the data reveals measured levels (10-15 dB)
lower than the model below the aliased region. The measured
levels in the aliased region seem to show levels 10 dB above

(a) Smooth wall

(b) Rough Wall

Figure 5: Wavenumber-frequency spectrum. ( )
Acoustic line; ( ) Convective line

the model. Note that this discrepancy is believed to be due to
the gap between the true and modeled area sensitivity of the
sensor. The behavior at higher frequencies is not observed to
be wavenumber white for the smooth wall case.

The rough wall wavenumber frequency spectrum has
a quite different form with sub-convective levels 15-20 dB
higher than those seen with the smooth wall. The convective
ridge is considerably broader, and its much shallower slope is a
consequence of the substantially lower average convection ve-
locity over the rough wall (Uc/Ue = 0.49 for rough and 0.7 for
smooth). Furthermore, the sub-convective levels outside the
acoustic cone are almost wavenumber white. Spectral levels
inside the cone are more than 10 dB higher than those for the
smooth wall. Since background noise levels in the wind tunnel
would have been similar with the smooth and rough walls, this
implies that these supersonic levels represent largely uncon-
taminated measurements of the rough wall fluid dynamics and
associated roughness noise. Note that at higher frequencies the
rough wall spectral levels may include some uncertainty (≤5
dB) associated with uncorrected grazing flow effects (Figure
3).

A comparison between the data and the modified Corcos
model (Hwang et al., 2003) is shown in Figure 6 at selective
normalized frequencies for the smooth and rough wall cases.
These represent horizontal slices of Figure 5 normalized on
the convective wavenumber and the pointwise pressure spec-
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trum. Solid lines represent the measured data and the dashed
lines show the modified Corcos model evaluated at the same
flow conditions as measured data. For the smooth wall, Fig-
ure 6a shows an agreement in convective peak levels for all
slices between the predictions and the measurements. It is in-
teresting to observe a difference in the behavior of convective
ridge roll-off at lower wavenumbers. The data suggests for a
drastic drop (with a slope approaching -20) compared to the
more gradual roll-off of the model. We believe this tight con-
straining of the convective ridge in wavenumber is responsible
for the lobed structure of the coherence spectrum in Figure 4a.
The levels at lower wavenumbers also seem to be lower than
the predictions from the model. Note that the levels at very
low normalized wavenumbers (k1/kc < 0.4), are due to acous-
tics or aliased behavior (effective spanwise shift) depending
on the frequency slice. Levels at single wavenumbers from
the F&G array are shown using (*) symbol. Their agreement
to measured data seems satisfactory for the lower frequencies
but these indicate lower levels at higher frequencies. Also,
Farabee & Geib (1991) recognized sub-convective levels at a
single frequency of 2500 Hz, which here is in the aliased por-
tion of the spectrum measured by the array. Figure 6b shows
the results for the rough wall compared with the modified Cor-
cos model predictions with rough wall boundary layer param-
eters. There is a general disagreement in the levels including
the convective peak. The convective peak seems to be broader
than smooth wall. The roll-offs predicted by the model seem
to be different too, the roll-off rate being about half that for
the smooth wall. Note that both smooth and rough wall cases
show a shift in convective peak as the frequency is increased
indicating a frequency dependent convection velocity. This is
not captured by the model.

CONCLUSIONS
This study presents measurements of sub-convective pres-

sure fluctuations in turbulent boundary layer flows obtained
using arrays of sensors comprising of sub-resonant acoustic
cavities. The cavities sample the flow pressure through de-
signed pores in a rigid interface - an approach that can be
employed with both smooth and rough walls, and that pro-
vides controlled area-averaging of the pressure signal. The ar-
rays were used to measure surface pressure cross-spectra as
a function of separation from 0.08 − 6.2δ with the smooth
wall, and 0.07 − 4.6δ with the rough wall. The coherence
shows a distinctive decay as a function of spatial separation
at all frequencies with the smooth wall showing larger scales
than the rough wall, relative to the boundary layer thickness.
For the smooth wall, sub-convective pressure levels are about
35 dB below the convective pressures. The behavior of the
spectrum seems to have non-wavenumber white nature. The
rough wall shows a wavenumber-white behavior with 15-20
dB higher levels than smooth walls. Smooth wall data shows
good agreement with the modified Corcos model at convective
wavenumbers whereas a drastic roll-off is observed away into
the sub-convective domain. This roll-off is sufficiently rapid
to result in oscillatory behavior in the coherence with spatial
separation. Rough walls in general show disagreement with
the model while there is a consistent dependency of convec-
tion velocity on the frequency in both smooth and rough walls.
In addition to contributing to the wall pressure spectrum data
available at sub-convective regimes for homogeneous turbu-
lent boundary layer flows, this study suggests a need for im-
provements in existing wall pressure models for both smooth
and rough walls.
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