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ABSTRACT
This study investigates sub-convective wall-

pressure source mechanisms using Kraichnan’s
formulation of the pressure Poisson equation. Using
synchronized wall-pressure and wall-parallel stereo-
scopic PIV measurements in a smooth-wall turbulent
boundary layer at M = 0.066 and x2/δ = 0.26,
pressure–velocity cross-spectral analysis is used to
quantify linear and nonlinear source contributions in the
wavenumber–frequency domain. Beyond separating lin-
ear and nonlinear mechanisms, the framework resolves
the relative contributions of constituent nonlinear source
terms. Results show that nonlinear contributions remain
comparable to mean-shear-related sources and become
increasingly important outside the low-wavenumber,
low-frequency regime, indicating a scale-dependent
partitioning of pressure-generating mechanisms.

INTRODUCTION
The identification of sub-convective wall-pressure fluc-

tuations has remained challenging due to their weak spectral
footprint and experimental limitations, despite their impor-
tance to cabin noise and structural vibration (Damani et al.,
2022). Recent advances in spatially averaging pressure sens-
ing have enabled experimentally resolved measurements of
the full wavenumber–frequency wall-pressure spectrum, over-
coming long-standing spatial aliasing limitations that obscured
the sub-convective regime. These novel measurements re-
vealed sub-convective pressure levels and spectral trends in
close agreement with classical Chase-model predictions, pro-
viding an experimental capability that had not previously been
demonstrated (Damani et al., 2025).

Turbulent boundary layers contain large-scale coherent
motions, including large-scale motions (LSMs) and very-
large-scale motions (VLSMs), whose signatures have been ex-
tensively characterized in both experiments and simulations
(Sharma et al., 2025; Lee & Sung, 2011). These motions
have motivated growing interest in understanding how turbu-
lent structures contribute to wall-pressure generation, particu-
larly through pressure–velocity correlations (Naka et al., 2015;
Anantharamu & Mahesh, 2020; Butt et al., 2024).

The relationship between turbulent velocity fluctua-
tions and wall pressure has classically been described using
source formulations based on the pressure–Poisson equation,
Eq. (1), following the developments of Kraichnan (1956a)
and Ffowcs Williams (1965). In particular, Chang et al.
(1999) showed that wall-pressure generation arises from mul-

tiple source mechanisms involving both mean-shear-related
(linear) and turbulence-interaction (nonlinear) contributions,
whose relative importance varies with wall-normal position.
More recently, Anantharamu & Mahesh (2020) demonstrated
that pressure-generating sources are strongly scale dependent,
with buffer-layer sources dominating the classical spectral
peak and broader distributed sources contributing at lower fre-
quencies. More recent experimental studies have advanced
the pressure–velocity correlation picture by showing that wall-
pressure signals contain substantial information about large-
scale turbulent motions.Dacome et al. (Dacome et al., 2025)
showed that pressure–velocity correlations scale coherently
with logarithmic-region large-scale structures, while Desh-
pande et al. (Deshpande et al., 2025) linked outer-scaled wall-
pressure sources to energetic large-scale motions, underscor-
ing the importance of resolving coherent pressure structures
across scales.

Motivated by these developments, experimental quan-
tification of the relative linear and nonlinear source contri-
butions to sub-convective pressure fluctuations remains lim-
ited, particularly using synchronous pressure–velocity mea-
surements. The present study addresses this gap through
Kraichnan’s approach to pressure–Poisson framework us-
ing simultaneous wall-pressure and wall-parallel stereoscopic
PIV measurements at a representative wall-normal location
in a smooth-wall turbulent boundary layer. By evaluating
pressure–velocity source terms in the wavenumber–frequency
domain, this work provides a step towards resolving the flow
physics underlying sub-convective pressure generation.

Extension of the Kraichnan’s Framework
The Pressure-Poisson equation (PPE) for wall pressure is

an exact rearrangement of the incompressible Navier-Stokes.
Solving for the fluctuating wall pressure of a two-dimensional
flow yields the following:
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∂yi∂y j

are often referred to
as the mean shear (MS) and turbulence-turbulence (TT) terms
respectively and each term definition is as described in Blake
(2017).

Kraichnan (1956b) and Blake (2017) showed that in a
boundary layer where flow in the (x1,x3) directions is homo-
geneous, the MS and TT terms of Eq. (1) reduce to a single
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integral form with algebraic expressions of velocity terms and
the wall normal velocity gradient in wavenumber—frequency
space.
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Equation (2) expresses wall-pressure fluctuations as a
wall-normal integral of velocity sources, providing the general
source framework used in this study. Here, the left-hand side
represents the Fourier transform of the wall pressure, while the
right-hand side contains the integrated contributions of distinct
velocity source terms across the boundary layer. In this formu-

lation, k13 =
√

k2
1 + k2

3 is the magnitude of the wall-parallel
wavenumber vector, Ui denotes the mean velocity component,
˜̃u2 is the Fourier transform of the wall-normal velocity fluc-
tuation, and ˜̃uiu j represents the transformed Reynolds-stress
terms. The exponential weighting e−k13y2 accounts for the
wall-normal dependence of these source contributions (Glegg
& Devenport, 2023).
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Correlating Eq. (2) with the wall-pressure field and taking
the ensemble average yields Eq. (3), which relates the wall-
pressure spectrum to pressure–velocity and pressure–velocity–
product cross-spectral source terms while preserving the linear
integral structure. In this form, the wall-pressure spectrum is
expressed as a weighted sum of distinct source contributions,
enabling the relative importance of the individual terms in the
integrand to be examined experimentally.

For a given wall-parallel measurement plane, each source
term can be directly compared to assess its contribution to
the measured pressure spectrum. For finite-sized sensors, an
area-averaged form of Eq. (3) preserves the same structure,
with each term weighted by the sensor area-sensitivity func-
tion. The Kraichnan-based framework used here follows a
related formulation previously employed by the authors for
rough-wall turbulence in Sharma et al. (2026), and is applied
in the present smooth-wall study to examine linear and non-
linear source contributions, while further resolving the relative
contributions of the individual source terms to sub-convective
pressure fluctuations. Evaluating the formulation at zero span-
wise wavenumber (k3 = 0), corresponding to the component
captured by the streamwise pressure array. To conform with
the coordinate system used here, the formulation is rewritten
with the wall-normal coordinate represented by x2, and the
source terms are adjusted accordingly. Table 1 defines the indi-
vidual source terms appearing on the right-hand side of Eq. (3),
where dx2 is taken as the 1 mm laser-sheet thickness.

EXPERIMENTAL SETUP
Stability Wind Tunnel

The experimental campaign was conducted in the Vir-
ginia Tech Stability Wind Tunnel (VTSWT), a closed-circuit,
single-return subsonic facility. Details of the facility and
smooth-wall test conditions are given in Sharma et al. (2025);

Table 1: Kraichnan source terms appearing in Eq. 3 and
their physical interpretation.

Term Expression Description

(A) 2ρ0ik1e−k1x2
∂U1

∂x2
Φu2,p dx2 Mean shear

(B) ρ0k2
1e−k1x2 Φu1u1,p dx2 Reynolds stress

(C) 2ρ0ik2
1e−k1x2 Φu1u2,p dx2 Transport

(D) ρ0k2
1e−k1x2 Φu2u2,p dx2 Wall-normal energy

Damani et al. (2022). Figure 1 shows the smooth-wall
boundary-layer development at M = 0.066 under nominal
zero-pressure-gradient conditions. The mean boundary-layer
profile was characterized using a Vectoflow GmbH boundary-
layer rake positioned at x = 2.68 m downstream of the tunnel
origin, from which the smooth-wall reference profile and as-
sociated boundary-layer parameters were obtained.

Figure 1: Smooth-wall boundary-layer profiles at x1 =
2.68m for M = 0.066, with comparison against the
Spalding profile shown on the right.

Stereoscopic Wall Parallel PIV
To investigate near-wall turbulent motions, a wall-parallel

(x1,x3) stereoscopic PIV system with a traversing camera–
laser arrangement was employed. Time-resolved 2D3C veloc-
ity fields were acquired 2.45 m downstream of the tunnel ori-
gin using four Phantom v2512 cameras, configured to capture
two overlapping stereo regions and combined into a field of
view of 518 mm (streamwise) by 178 mm (spanwise). Cam-
eras were arranged at off-axis angles of 38◦ and 40◦ to pro-
vide the stereoscopic geometry, following the configuration of
Sharma et al. (2026), with modifications to enable traversing
measurements at multiple wall-normal locations. Data were
acquired at 5 kHz for 4.8 s per run and processed in DaVis 10.2
using a multi-pass cross-correlation scheme (64×64 px initial
window followed by 32× 32 px refinement at 75% overlap),
yielding a final vector spacing of 2.25 mm. Each run captured
24000 snapshots and statistics for 4 such runs are considered
in the analysis below.

Sub-convective Pressure Sensing Array
Fluctuating wall-pressure measurements were obtained

using a flush-mounted linear array of 90 area-averaging sen-
sors embedded in a smooth-wall panel as described in Van-
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Figure 2: (a) Schematic of the experimental setup show-
casing wall parallel PIV and pressure sensing array
placement inside the test-section s of the Virginia Tech
Stability Wind Tunnel.

der Wiel et al. (2026). Each sensor consists of a quarter-inch
G.R.A.S. 40PH-10 microphone, selected for its wide dynamic
range to resolve low-energy sub-convective pressure fluctua-
tions. The microphones are mounted beneath a porous surface
consisting of tiny pores connected to a cavity, enabling spa-
tial averaging of pressure over the sensing area and reducing
spatial aliasing, particularly in the sub-convective region.

Each individual sensor on the array is oriented with its
longest dimension in the spanwise direction, and the sensors
are stacked tightly in the streamwise direction. This enables
spanwise averaging of the wall pressure field, effectively mea-
suring the Φpp(k1,k3 = 0,ω) component of the wall-pressure
spectrum. The streamwise sensor-to-sensor spacing is 5.5 mm
and has the properties as described in Vander Wiel et al.
(2026).

Figure 3: (a) Normalized wavenumber–frequency spec-
trum of wall-pressure fluctuations at M = 0.066.

RESULTS
Experiments were conducted in a smooth-wall turbulent

boundary layer with edge velocity Ue = 23.01 m/s, boundary-
layer thickness δ = 69 mm, and friction Reynolds number
Reτ = 3395. The wall-parallel PIV measurement plane was

positioned at x2/δ = 0.26 and lies in the outer-layer region,
which is associated with large-scale turbulent motions.

Wall Pressure Spectrum
Figure 3 displays the wall-pressure wavenumber–

frequency spectrum measured by the sub-convective pressure
sensing array described above. Here, the red dashed line repre-
sents the mean convective line and the white dashed line rep-
resents the acoustic line. The frequency has been scaled us-
ing the boundary layer displacement thickness and the edge
velocity, ωδ ∗/Ue, the wavenumber has been normalized us-
ing the displacement thickness, k1δ ∗, and the spectral levels
have been scaled using the mixed scaling (ΦppUe/τ2

wδ ∗2). We
observe an asymmetric and compact convective ridge (about
the red dashed line) with a much steeper roll-off in the sub-
convective regime (between the two dashed lines) than in the
super-convective regime (right of the red dashed line). The
convective ridge displays a small dependency on frequency,
wherein the true convective velocity, (Uc), is decreasing as the
frequency is increased. This is representative of the hierarchy
of coherent motions in canonical smooth wall turbulent bound-
ary layer flow. The difference in levels between those seen
along the convective line and those seen in the sub-convective
regime is between 25 and 35 dB, with this difference growing
as the frequency is increased.

Coherence in Physical Space
As a precursor to the wavenumber–frequency source-term

analysis, the coherence between wall pressure and the source-
related quantities is first examined. Figure 4 shows contours
of 10log10(γ

2) as a function of streamwise separation, ∆x1,
and frequency, f , where lighter contours indicate stronger
pressure-coupled coherence. The frequency axis identifies the
temporal scales over which each source-related quantity re-
mains correlated with wall pressure, while the separation axis
reflects the streamwise extent of that correlated structure. To-
gether, these maps provide a measure of how strongly and over
what spatial and temporal scales each source term is coupled
to the measured pressure field.

The coherence maps show organized pressure-coupled
signatures for all source-related quantities, with the strongest
coherence observed for pv, followed by puu, puv, and pvv.
The coherence is concentrated primarily in the low-frequency
regime, indicating that the largest pressure-coupled structures
contribute most strongly to the measured correlations. For the
present analysis, the total number of snapshots is N = 96,000
with Nrec ≈ 1500, giving a minimum significant coherence
level of approximately −22 dB; coherence levels above this
threshold are therefore interpreted as statistically meaningful.

These correlations provide the physical basis for the sub-
sequent decomposition. Frequency-dependent cross-spectral
relationships are first formed from the pressure–source data
and then Fourier transformed in streamwise separation, ∆x1, to
obtain the corresponding wavenumber–frequency spectra. The
comparatively weaker coherence associated with terms involv-
ing wall-normal velocity should, however, be interpreted with
care. Because the measurements rely on wall-parallel stereo-
scopic PIV, larger uncertainty is expected in the wall-normal
velocity component, which may influence the inferred coher-
ence levels for terms such as puv and pvv. Lower coherence
in these terms, therefore, does not necessarily imply dimin-
ished physical importance, but rather motivates interpreting
their contributions together with the associated uncertainty in
the source-term analysis that follows.
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Figure 4: Magnitude-squared coherence, 10log10(γ
2), between wall pressure and the source-related quantities pv, puu,

puv, and pvv as functions of ∆x1 and f . Minimum significant coherence is −22 dB.

Figure 5: Wavenumber–frequency magnitude spectra (real-valued) of the ratio between correlated wall pressure and the
Kraichnan source terms defined in Table 1 for the smooth-wall boundary layer. The black dashed line indicates the
convective scaling relation f = 0.7Uek1/2π .

Source Terms Spectra

Figure 5 presents the normalized real-valued contribu-
tions of the source terms defined in Table 1 at x2/δ ≈ 0.26.
The contours show the real part of each source-term ratio rel-
ative to the measured wall-pressure spectrum, Φpp, expressed
on a dB scale in the (k1,k3 = 0, f ) domain. Because Φpp is a
real-valued quantity, only the real component of the correlated
source terms is considered here, representing the physically

contributing portion of each term. Contour levels approaching
0 dB indicate source contributions locally comparable in mag-
nitude to the wall-pressure spectrum, whereas increasingly
negative levels indicate weaker relative contributions. Each
contour is similar to Figure 3, with the black dashed line coin-
ciding with the red dashed line depicting the convective ridge.
The sub-convective regime is to the left of the black dashed
line. A triangular region is selected (marked in black) to facil-
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itate comparison within the low-wavenumber, low-frequency
portion of the spectrum associated with sub-convective pres-
sure fluctuations.

Within the triangular region, the averaged contributions
are −19.58 dB (A), −20.74 dB (B), −20.65 dB (C), and
−19.40 dB (D), with corresponding median uncertainties of
0.24 dB, 0.11 dB, 0.39 dB, and 0.28 dB, respectively. Uncer-
tainties in the wavenumber–frequency spectrum were evalu-
ated by propagating the uncertainties in the cross-spectral den-
sity function (Sharma et al., 2026). These values indicate that
the mean-shear-related (A) and wall-normal energy (D) terms
provide slightly stronger contributions, while the transport-
related term (C) is marginally weaker, and the Reynolds stress
divergence term (B) remains the smallest.

To further examine the relative contributions of the source
terms, slices of the wavenumber–frequency spectrum are con-
sidered at fixed frequencies and wavenumbers. At low fre-
quency (e.g., f = 200 Hz), the mean-shear-related term (A)
exhibits the largest contribution across the range of wavenum-
bers, with term D following closely and terms C and B pro-
gressively weaker. This indicates that, at large temporal scales,
pressure fluctuations are primarily influenced by mean-shear
mechanisms. At higher frequencies (e.g., f = 1000 Hz), how-
ever, the separation between the terms diminishes significantly,
with all contributions approaching similar magnitudes, sug-
gesting a more distributed source balance at smaller temporal
scales.

A similar trend is observed in slices at a fixed wavenum-
ber. At low wavenumber (k1 = 50 rad/m), corresponding to
large spatial scales, term A slightly dominates at low frequen-
cies, but this dominance weakens with increasing frequency
as nonlinear contributions become comparable. At higher
wavenumbers (k1 = 200 rad/m), the distinction between linear
and nonlinear terms is further reduced, and all contributions
remain of similar magnitude across the frequency range.

Taken together, these slices indicate that mean-
shear-related contributions are strongest in relatively
low-wavenumber, low-frequency portion of the spectrum,
while the relative distinction between linear and nonlin-
ear contributions diminishes at higher wavenumbers and
frequencies. This behavior is consistent with the observa-
tions of Chang et al. (1999), who showed that mean-shear
and turbulence–turbulence source contributions remain of
comparable magnitude and that their relative importance
varies with spectral scale. In this context, the present results
suggest that, even at a single wall-normal plane, nonlinear
terms do not act merely as secondary corrections to the
mean-shear contribution, but remain comparable contributors
over significant portions of the spectrum.

A similar coexistence of linear and nonlinear source con-
tributions is also observed in rough-wall turbulent bound-
ary layers (Sharma et al., 2026). At comparable x2/δ =
0.255, rough-wall measurements indicate that pressure fluc-
tuations arise from a combination of both linear and nonlinear
source mechanisms, although roughness modifies their rela-
tive weighting. In this sense, both smooth- and rough-wall
cases suggest that sub-convective pressure generation is not
governed by a single dominant mechanism, but reflects a wall-
normal and scale-dependent balance of source contributions.

The concentration of elevated contributions at relatively
low k1 and low f is further consistent with large-scale coher-
ent motions, including superstructures characterized by long
streamwise extent and slow temporal evolution. Although
the present analysis does not uniquely identify these struc-
tures, the observed trends are consistent with prior studies

that have associated low-frequency wall-pressure fluctuations
with large-scale turbulent motions Gibeau & Ghaemi (2021);
Butt et al. (2024); Deshpande et al. (2025). The results there-
fore suggest that such large-scale motions may be linked to
strong mean-shear-driven pressure generation, while at smaller
spatial and temporal scales, asymmetric transport- and wall-
normal-energy-related mechanisms become increasingly im-
portant. Further analysis is needed to establish these connec-
tions more definitively.

Conclusions
An experimental implementation of Kraichnan’s source

decomposition has been used to examine source-term con-
tributions to sub-convective wall-pressure fluctuations in a
smooth-wall turbulent boundary layer using synchronized
wall-pressure and wall-parallel PIV measurements at M =
0.066 and x2/δ = 0.26. The principal findings are summa-
rized as follows:

1. Pressure–velocity coherence exhibits organized coupling
for all source-related quantities, strongest for pv and pro-
gressively weaker for puu, puv, and pvv, with coherence
concentrated in the low-frequency sub-convective regime.

2. Sub-convective wall-pressure fluctuations arise from both
linear mean-shear and nonlinear turbulence-interaction
mechanisms, demonstrating that pressure generation in
this regime is not governed solely by linear processes.

3. Beyond distinguishing linear and nonlinear contributions,
the present framework resolves the relative contribu-
tions of the constituent nonlinear source terms, show-
ing that transport- and wall-normal-energy-related mech-
anisms contribute comparably to pressure generation and
participate in a scale-dependent redistribution of source
strength.

4. The relative importance of these mechanisms depends
on spectral scale: mean-shear-related contributions domi-
nate the low-wavenumber, low-frequency sub-convective
regime, while smaller scales exhibit a more distributed
balance among coupled source processes.

Overall, the results provide an experimental framework
for examining source mechanisms underlying sub-convective
wall-pressure fluctuations and a basis for extending this analy-
sis across additional wall-normal locations and more complex
turbulent boundary layers.
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