
Experimental Study of Flow-Induced Noise from
Two Side-by-Side Cylinders

Reza Maryami∗

Oklahoma State University, Stillwater, Oklahoma 74078

Paul Abromeit†

Brandenburg University of Technology Cottbus–Senftenberg, 03046 Cottbus, Germany

Chenghao Yang‡

Hefei University of Technology, 230009 Hefei, Anhui, People’s Republic of China

Thomas F. Geyer§

German Aerospace Center (DLR), 03046 Cottbus, Germany

and

Brian R. Elbing¶

Oklahoma State University, Stillwater, Oklahoma 74078

https://doi.org/10.2514/1.J066755

Flow around two closely spaced cylinders in a side-by-side configuration is a canonical aeroacoustic problem in

aerospace systems such as landing gear struts. The aerodynamic interaction between the cylinders strongly affects

surface pressure fluctuations and aerodynamic noise generation, motivating detailed studies. In this work, the near-

field surface pressure and far-field noise of two identical circular cylinders were experimentally investigated at

Re � 3.0 × 104 for center-to-center spacings T ranging from 1.2 to 3 times the cylinder diameter D. Surface

pressure fluctuations were measured in both the spanwise and azimuthal directions using miniature transducers,

while far-field noise was captured with a set of microphones. Except for spacing ratios close to T∕D � 3, which
behaved similarly to a single cylinder, the side-by-side arrangements exhibited reduced tonal noise, with the most

pronounced attenuation at T∕D � 1.2. This reduction was attributed to suppression of surface pressure

fluctuations and their spanwise correlation over shorter lengths. At T∕D � 1.2, multiple tones also appeared,

with frequencies both lower and higher than the dominant tone of the single cylinder. Additionally, the stagnation

and other critical points around the cylinders shifted by approximately 20° (clockwise for the lower and

counterclockwise for the upper cylinder) resulting in an elliptical surface pressure distribution, pronounced gap-

flow deflection, and a highly unsteady, asymmetric wake.

I. Introduction

CYLINDERLIKE structures are widely encountered in aerospace
systems, such as landing-gear struts, antenna masts, heat

exchangers, and support structures. In these configurations, unsteady
flow phenomena, particularly von-Kármán vortex shedding, can gen-
erate significant aerodynamic noise that adversely affects vehicle
performance, passenger comfort, and environmental noise compli-
ance. Understanding the underlying mechanisms of noise generation,
including the coupling between wake dynamics, unsteady surface
pressure, and acoustic radiation, is essential for developing effective
noise mitigation and flow control strategies. Although the flow and
noise characteristics of a single cylinder have been extensively doc-
umented in both laminar and turbulent regimes [1,2], the acoustic
behavior of multiple-cylinder arrangements remains considerably
more complex and less understood. When two or more cylinders

are placed in proximity, their shear layers and wakes interact,
producing interference effects, synchronized vortex shedding, and
amplified tonal noise that are highly sensitive to spacing and flow
conditions. To investigate these interactions in a controlled manner,
the simplest multiple-cylinder configuration in crossflow consists of
two circular cylinders of equal diameterD as illustrated in Fig. 1. The
two most widely studied arrangements are tandem and side-by-side
configurations, shown in Figs. 1a and 1b, respectively, defined by the
center-to-center longitudinal and transverse spacings L and T. The
most general configuration is the staggered arrangement, depicted in
Fig. 1c, which is commonly encountered in practical applications, as
oncoming flow is rarely perfectly aligned with or perpendicular to the
line connecting cylinder centers. The staggered geometry is described
by the center-to-center pitch P and the angle of incidence α between
the flow direction and the line connecting the cylinder centers. The
three primary parameters governing the flow and aerodynamic behav-
ior in multiple-cylinder arrangements are 1) the spacing between
cylinders, 2) their orientation in the x–y plane relative to the
oncoming flow, and 3) the Reynolds number Re. In addition to these,
factors such as inflow turbulence and surface characteristics can also
influence the aerodynamic response.
As comprehensively reviewed by Zdravkovich [3–5], with more

recent overviews by Sumner [6] and Zhou and Alam [7], the fluid
dynamics of multiple-cylinder configurations have been extensively
studied. These studies provide insight into the underlying flow phys-
ics and the classification of distinct flow regimes. For two-cylinder
configurations in steady cross-flow, Zdravkovich [4] classified inter-
actions into two primary types based on relative positioning:
1) Wake interference is one configuration, which occurs when the

downstream cylinder is partially or fully immersed in the upstream
cylinder’s wake. This is typically observed in tandem configurations
(Fig. 1a), where merged shear layers suppress vortex formation from
the upstream cylinder.
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2) Proximity interference is the other configuration, which arises
when closely spaced cylinders do not influence each other’s wakes.
This occurs in side-by-side arrangements (Fig. 1b) and often leads to
synchronized vortex shedding. Gu and Sun [8] extended this clas-
sification to staggered configurations (Fig. 1c). They introduced
wake, shear-layer, and neighborhood interference to capture more
complex interactions. In addition to relative positioning, other cri-
teria, such as vortex shedding frequencies [9], static surface pressure
distributions [10], and mean lift and drag forces [11], have been
used to characterize flow regimes [6]. However, relying solely on
these measurements can be misleading in unsteady flows [6].
Hence, using flow visualization as the most effective approach for
identifying distinct patterns, Igarashi [10] identified up to eight
patterns for tandem cylinders, and Sumner et al. [12] reported nine
distinct regimes for staggered arrangements.
Although the aerodynamic noise generated by multiple-cylinder

configurations has not been explored as extensively as their flow
dynamics, several studies have addressed this topic. For instance,
in a tandem cylinder arrangement, Hutcheson and Brooks [13]
demonstrated that the peak sound pressure level (SPL) exceeds that
of a single cylinder in the coupled vortex street regime but becomes
lower in the no-reattachment regime. In a related study, Lockard
et al. [14] showed that the downstream cylinder dominates the
acoustic radiation, producing a directivity pattern similar to that of
an isolated cylinder. This directivity trend was further confirmed by
Hutcheson et al. [15], who also reported that the Strouhal number St
increases with the spacing ratio L∕D and remains nearly constant
with increasing flow speed when no regime transition occurs. Addi-
tionally, the peak SPL was found to scale with the sixth power of the
flow Mach number and to increase with L∕D when variations in
spacing induced a regime change. In contrast, for side-by-side and
staggered cylinders, the number of studies remains very limited.
Hutcheson and Brooks conducted one of the few investigations on
side-by-side cylinders, showing that the peak SPL and St are
comparable to those of a single cylinder when the spacing corre-
sponds to the coupled-wake regime. Reducing the gap between the
cylinders led to a 20–25 dB decrease in peak SPL, while the noise
directivity remained consistent with a dipole pattern. For staggered
cylinders, Geyer and Enghardt [16] performed one of the only
available experimental studies, examining tonal noise for two spac-
ing ratios (L∕D � 2.0 and 3.7). For the wide spacing, a single tonal
peak associated with vortex shedding appeared at low angles of
incidence, while increasing the angle to approximately 25 to 40 deg
produced a second peak, indicating bistable behavior. In contrast,
for the moderate spacing, a clear vortex-shedding tone was observed
only at intermediate angles (20 to 80 deg), with multiple high-
frequency tones occurring instead of a distinct secondary peak.
It is well established that, for a single cylinder, surface pressure

fluctuations are key contributors both to far-field noise [17–22]
and to structural vibrations through the generation of unsteady lift
and drag forces [17–19,23,24]. In particular, Maryami and Liu [20]
demonstrated that, in addition to direct acoustic radiation from the
wake to the far field due to vortex shedding, the oscillating wake
flow induces feedback signals that generate surface pressure fluc-
tuations, especially at the top and bottom sides of the cylinder.
These fluctuations are the primary source of unsteady lift, which
subsequently produces scattered acoustic waves from the cylinder
surface to the far field. Building on insights from single-cylinder

flows, near-field surface pressure analyses of multicylinder con-
figurations are essential for understanding aerodynamic noise.
However, research has predominantly focused on tandem cylinders
[14,15,25–28], largely to elucidate noise generation mechanisms
relevant to landing gear. Lockard et al. [14] showed that surface
pressure fluctuations on the upstream cylinder, primarily due
to vortex shedding, are weaker than those on the downstream
cylinder, where wake interactions significantly amplify the fluc-
tuations, explaining the dominant acoustic radiation from the
downstream cylinder. Jenkins et al. [25] reported that at a spacing
of L∕D � 1.432, the near-surface pressure spectra of both cylinders
are entirely broadband, whereas increasing the spacing to L∕D �
3.7 produces tonal peaks at the fundamental vortex-shedding fre-
quency and its second harmonic. Extending this work, Maryami
et al. [28] investigated near-field surface pressure fluctuations over
a broader spacing range (L∕D � 1.432–6) and found that spacing
strongly affects surface pressure behavior: at subcritical spacing
(L∕D < 3–3.7), wake interactions enhance tonal peaks on the
downstream cylinder and introduce unexpected tonal content at
the upstream cylinder base (θ � 180 deg), while at or above the
critical spacing (L∕D ≥ 3–3.7), both cylinders exhibit pressure
characteristics similar to a single cylinder, indicating minimal
hydrodynamic interference. For other multicylinder configura-
tions, near-field surface pressure characteristics have only been
investigated for side-by-side cylinders in a recent experimental
study by Maryami et al. [29], which demonstrated that the inter-
action between two side-by-side cylinders strongly depends on
their spacing: close proximity induces significant gap-flow deflec-
tion and asymmetric vortex shedding, while larger spacings restore
near-isolated-cylinder behavior.
This brief overview highlights that, although numerous studies

have investigated the fluid dynamics of multicylinder configurations,
research on near-field surface pressure and far-field noise has been
largely confined to tandem arrangements. Investigations involving
side-by-side and staggered cylinders remain extremely limited, par-
ticularly those focusing on near-field surface pressure. To date, no
experimental or numerical studies have systematically characterized
the near-field pressure fluctuations in conjunction with far-field noise
for these configurations, despite their high relevance to practical
engineering applications. Addressing this critical gap, the present
experimental study provides a detailed characterization of surface
pressure fluctuations around side-by-side cylinders and elucidates
their relationship to far-field noise, offering new insights into the
underlying flow–acoustic coupling mechanisms.

II. Experimental Setup

A. Wind-Tunnel Configuration

Near-field surface pressure measurements were carried out in the
blowdown subsonic wind tunnel at Yazd University [30]. The wind
tunnel features a working section measuring 460 mm × 460 mm
with a length of 2400 mm, as illustrated in Fig. 2a. It is capable of
operating at speeds up to 25 m∕s, with a freestream turbulence
intensity below 0.3% during experiments. The tunnel is powered
by a forward-blade centrifugal fan, selected for its low broadband
and tonal noise characteristics. To further improve its acoustic
performance, the internal walls of the test section were replaced
with stretched Kevlar sheets backed by a 15 cm thick porous layer,

a) b) c)

Fig. 1 Configurations of two equal-diameter circular cylinders in cross-flow: a) tandem, b) side by side, and c) staggered.
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which effectively reduced the fan-induced background noise by

approximately 20 dB across a broad frequency range. In addition

to the use of Kevlar sheets for noise reduction, the test cylinders

were positioned 250 mm downstream of the wind-tunnel exit,

mounted between two parallel laser-cut end plates, each measuring

500 mm in length, attached to the working section’s sides. This

configuration was designed to prevent contamination of the mea-

surements by fan noise.
To complement these experiments, far-field acoustic measure-

ments were conducted in the small aeroacoustic open-jet wind

tunnel at the Brandenburg University of Technology Cottbus–

Senftenberg [31]. As shown in Fig. 2b, this facility features a

rectangular nozzle exit measuring 280 mm × 230 mm. The cylin-

ders were positioned 150 mm downstream of the nozzle exit

between acrylic end plates with dimensions of 400 mm × 360 mm.

The sidewalls, back wall, and floor of the test section were lined

with acoustic foam to create a quasi-anechoic environment for

frequencies above approximately 100 Hz.
To enable the side-by-side configuration in both setups, two turn-

ing plates were used to adjust the cylinder orientations. The center-to-

center spacing between the cylinders was set to T∕D � 1.2, 2, and 3.
For each configuration, the coordinate system was centered midway

between the cylinders, as illustrated in Fig. 1b. The incoming flow

was aligned with this centerline, and the cylinders were positioned

symmetrically above and below it.

B. Cylinder Design

For the near-field surface pressure measurements, two circular

cylinders with an outer diameter of D � 22 mm and a span length

of l � 460 mm were used. To maintain the same diameter-based

Reynolds number of Re � 3.0 × 104 while accommodating the

cylinders between the end plates, the dimensions were reduced to

D � 15.6 mm and l � 280 mm for the acoustic measurements.

The corresponding aspect ratios were approximately 21 and 18

for the near-field surface pressure and far-field noise experiments,

respectively. Under these conditions, wall interference effects on the

midspan flow were considered negligible [32]. Furthermore, accord-

ing to Norberg [33], the spanwise coherence length Λ for a single

circular cylinder is approximately 3.2D − 4D at Re � 3.0 × 104.
Therefore, the aspect ratios employed in both setups were sufficient

to ensure the development of a fully three-dimensional (3D)

flowfield along the cylinder span. Therefore, by maintaining the
same diameter-based Reynolds number and sufficiently large aspect
ratios in both facilities, dynamically comparable flow conditions
were ensured, such that the geometric scaling required by the
different wind tunnels does not introduce significant differences in
the wake development or the associated hydrodynamic–acoustic
characteristics.
As shown in Fig. 2a, each cylinder used for the near-field surface

pressure measurements consisted of three segments: a central section
instrumented with static pressure taps and flush-mounted unsteady
surface pressure transducers and two side sections extending the span
to match the wind-tunnel width. In contrast, the cylinders used for the
far-field noise measurements were manufactured as single, uniform
pieces without segmented sections or instrumentation. As illustrated
in Fig. 3, the central section of the near-field surface pressure cylin-
ders was equipped with 18 static pressure ports, uniformly distributed
around the circumference at a spanwise distance of z � 72 mm from
the midspan. The angular spacing between taps was 20 deg. Each
pressure tap had a diameter of 0.55 mm and was fitted with 5 mm
long brass tubes, with inner and outer diameters of 0.4 and 0.6 mm,
respectively. These brass tubes were connected to flexible polyure-
thane tubing, which routed the pressure signals to a multiport pressure
scanner. Static pressure data were acquired using a 16-channel
Honeywell electronic differential pressure measurement system,
capable of measuring up to �2.48 kPa with a system accuracy of
�2%. To ensure uniform coverage around the cylinder, the cylinders
were rotated in 10 deg increments, allowing data collection at 36
distinct circumferential angles.
To measure unsteady surface pressure, the central section was

instrumented with Panasonic WM-61A pressure transducers. Each
sensor has a diameter of 6 mm, a height of 3.4 mm, and a 2 mm
circular sensing area. These transducers, widely employed in pre-
vious studies [17–21,23,24,28,30], provide reliable measurements
over a frequency range of 20 Hz to 10 kHz. For each cylinder,
15 transducers were installed to capture pressure fluctuations along
both the spanwise and circumferential directions. The spanwise
positions and circumferential angles of these transducers are listed
in Table 1 for reference. Eight transducers (p1–p8) were placed
nonuniformly along a 6D span using a potential function-based
spacing to enable correlation analysis over various spanwise length
scales. This configuration captures the 3D flow structures at the
tested Re, in agreement with previous findings [33]. Because of

a)

b)

Fig. 2 Schematic of the wind-tunnel facilities: a) Yazd University setup for unsteady surface pressure measurements and b) Brandenburg University
setup for far-field acoustic measurements with coordinate system. The azimuthal angle θ is defined in the cylinder cross-sectional plane and measured
clockwise from the front stagnation point �θsf � in configuration part a. Dimensions are given in millimeters.
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spatial constraints, the remaining seven transducers ( p9–p15) were
arranged circumferentially at two spanwise locations: z � 0 and

z ≈ 6.2 mm. At each location, four sensors were positioned at
90 deg intervals, resulting in an effective angular spacing of 45 deg
between adjacent transducers.
To reduce attenuation effects at high frequencies, pressure mea-

surements were conducted through small pinholes on the cylinder
surface, as shown in Fig. 3b. Accurate dynamic pressure measure-
ment at high frequencies is challenging due to spatial averaging

when the wavelength of flow structures becomes smaller than the
transducer’s sensing area [30,34,35]. To address this, the transducers
were mounted beneath 0.55 mm diameter pinholes and securely

fixed inside the cylinder using a fully sealed holding mechanism.
Although pinholes can potentially disturb the flow or introduce
measurement errors at high frequencies, prior studies have shown

that 0.55 mm pinholes do not significantly impact the boundary
layer [34].

C. Measurement Technique and Data Processing

To ensure measurement accuracy, all pressure transducers were
calibrated before testing to correct for amplitude damping and phase
delays introduced by the pinhole. Calibration was performed using a

dedicated setup [30]. A 1/4 in. GRAS 40BP microphone, calibrated
with a GRAS Sound Calibrator (Type 42AB), served as the refer-
ence. In situ calibration was conducted using white noise excitation

over the frequency range of f � 10 Hz–20 kHz. The resulting
transfer functions exhibited smooth, linear responses without reso-
nances within the frequency range of interest (20 Hz–10 kHz) [30].

Power was supplied to the transducers via a 16-channel power
module, and the data were acquired using a 16-channel National
Instruments (NI) PCI-6023E data acquisition (DAQ) card at a

sampling rate of 40 kHz over a 20 s period.

For the acoustic measurements, 16 ROGA MI-17 1/4-in. free-field
microphones were used to record the acoustic signals, as shown in
Fig. 2b. The microphones were positioned at a radial distance of
610 mm, pointing approximately at the midspan of the cylinders. The
acoustic signals were acquired using a 24-bit NI DAQ card at a
sampling frequency of 51.2 kHz over a 60 s duration. To convert
the acquired pressure-time data into the frequency domain, a fast
Fourier transform with Hanning windowing and 50% overlap was
applied followingWelch’s method, resulting in a frequency resolution
of 3.125 Hz. The resulting power spectral densities (PSDs) of the
near- and far-field pressures, denoted as ϕpp;s and ϕpp, respectively,
are expressed in Pascals squared per Hertz, were then referenced to
p0 � 20 μPa to presented in decibels according to

Φpp � 10log10
ϕpp

p2
0

(1)

III. Results and Discussion

A. Acoustic Noise

Figure 4 presents the acoustic PSD, Φpp (decibels/hertz), mea-
sured at 90 deg relative to the flow direction, plotted as a function of
the Strouhal number based on the cylinder diameter St. For the
single-cylinder case, the emergence of the fundamental vortex-
shedding tone, hereafter referred to as f1 tone, with a magnitude
Φppjf1 of approximately 76 dB is evident at St ≈ 0.2 (see Fig. 4),

which falls within the published St range for Re � 3.0 × 104 [33].
The f1 tone is also referred to as the fundamental or first harmonic,

Table 1 Summary of unsteady pressure transducer
positions (note: θ is defined in Fig. 3a)

Transducer z∕D θ, deg Transducer z∕D θ, deg

p1 0.0 90 p9 0.282 45

p2 0.682 90 p10 0.0 0.0

p3 1.545 90 p11 0.282 −45
p4 2.955 90 p12 0.0 −90
p5 −0.41 90 p13 0.282 −135
p6 −0.91 90 p14 0.0 180

p7 −1.864 90 p15 0.282 135

p8 −3.0 90 — — — — — —

Fig. 4 Acoustic PSD, Φpp (decibels/hertz), measured at 90 deg with
respect to the flow direction (microphone 5 in Fig. 2a), plotted as a
function of Strouhal number St.

Fig. 3 Schematic of the cylinder design a) middle section of the near-field surface pressure cylinders equipped with static pressure taps and unsteady

pressure transducers and b) configuration of the flush-mounted unsteady pressure transducers beneath pinholes and arrangement of static pressure
taps using the remote sensing method. Dimensions are given in millimeters.
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while tones at frequencies that are positive integer multiples of the

fundamental frequency are termed higher harmonics [18,20]. It is

observed that, in addition to the f1 tone, the second and third

harmonics, denoted as f2 � 2f1 and f3 � 3f1, respectively, also
appear. However, their magnitudes, Φppjf2 and Φppjf3 , are signifi-
cantly smaller than that of the f1 tone.
By switching to side-by-side cylinders, the tonal noises still

appear, but their magnitudes and frequencies differ from those of

the single cylinder, except at T∕D � 3. This behavior arises from
differences in the governing flow regimes and wake characteristics.

At T∕D � 1.2, the wake behind the cylinders becomes highly

unsteady and asymmetric, indicating the dominance of the biased-

gap flow (BGF) regime [3,6,36,37]. In this regime, as described by

Alam et al. [38], the gap flow deflects toward one cylinder, leading

to distinct wake structures behind each body. The cylinder toward

which the flow is biased develops a narrower wake and sheds

vortices at a higher frequency (mode NW in the present study), as

shown in Fig. 5a, whereas the other cylinder forms a wider wake

with lower-frequency vortex shedding (mode WW). Consequently,

mode NW induces higher drag, while mode WW corresponds to

lower drag on their respective cylinders [36,39]. As illustrated in

Fig. 4, these distinct wake modes manifest acoustically as two

dominant tones at St ≈ 0.09 and St ≈ 0.34, which occur at higher

and lower frequencies, respectively, than that of the f1 tone. This

behavior reflects the asymmetric vortex-shedding characteristics

inherent to the BGF regime and is consistent with previous exper-

imental observations [9,36,37,40,41]. In addition to these tones, an

intermediate tone appears at St ≈ 0.19, which is close to the f1-tone
frequency. This observation agrees with the findings of Alam et al.,

who identified an additional flow mode corresponding to this inter-

mediate tone. It is evident that the magnitudes of all these tones

are substantially reduced compared to those of the single cylinder.

This reduction demonstrates that the side-by-side configuration

effectively suppresses tonal noise generation through mutual aero-

dynamic interference and altered vortex-shedding dynamics. How-

ever, this suppression capability gradually diminishes as the spacing

ratio increases, and the flow progressively approaches the behavior

of a single cylinder.

It is observed that increasing the spacing ratio from T∕D � 1.2
causes both the low- and high-frequency tones to shift closer to the

f1-tone frequency. In addition, while the low-frequency tone
decreases in magnitude, the high-frequency tone increases substan-
tially. This trend leads to the emergence of a single dominant tone at
T∕D � 2, with a magnitude of approximately 63 dB, still about
13 dB lower than the single-cylinder case, located at St ≈ 0.25.
Although the BGF regime persists at this spacing and the gap flow
remains weakly biased, as shown in Fig. 5b and discussed by
Sumner [6] and Alam et al. [38], the previously distinct low- and
high-frequency modes merge into a single synchronized vortex-
shedding frequency. This behavior demonstrates that frequency
synchronization can occur even when the wakes remain asymmetric
[38,42].
By further increasing the spacing ratio to T∕D � 3, the tonal

noise becomes nearly identical to that of the single cylinder in both
magnitude and Strouhal number. This behavior indicates that the
wakes behind the two cylinders become similar and that vortex
shedding occurs at the same frequency for both bodies. This flow
regime, known as the parallel vortex-shedding (PVS) regime [6], is
characterized by synchronized vortex shedding occurring in either
in-phase or antiphase modes [43,44]. However, most studies report
that although both synchronization modes are possible, antiphase
shedding typically dominates [36,41,45,46], as illustrated in Fig. 5c.
The spectrograms obtained from the short-time Fourier transform

(STFT), shown in Fig. 6, illustrate the tonal noise behavior of
selected side-by-side configurations in comparison with the
single-cylinder case. In particular, for T∕D � 1.2, low- and high-
frequency tones, along with an intermediate tone (all relative to the
f1-tone frequency of the single cylinder or T∕D � 3; see Figs. 6a
and 6d), persist over most of the time domain (Fig. 6b). For
T∕D � 2, a single high-frequency tone dominates throughout the
time range. Although the STFT provides a general overview of
the frequency content, its fixed time-frequency resolution limits
the ability to resolve rapid switching between multiple coexisting
tones, particularly for T∕D � 1.2. To overcome this limitation, the
real part of the wavelet transform ℜfWg using the Morlet mother
wavelet [24], is presented in Fig. 7 over a short time interval. Unlike
STFT, the wavelet transform offers adaptive time-frequency reso-
lution, enabling simultaneous identification of multiple frequencies
and their temporal evolution. It is evident that the single cylinder
and the side-by-side configuration at T∕D � 3 (Figs. 7a and 7d,
respectively) exhibit repeatable single-frequency patterns, whereas

c)b)a)
Fig. 5 Schematic representation of flow patterns around side-by-side cylinders in cross-flow: a,b) biased gap flow patterns observed for
1.1–1.2 < T∕D < 2–2.2 and c) parallel vortex streets for T∕D > 2–2.2 [6].

a) b) c) d)

Fig. 6 Spectrograms of the far-field acoustic signal of microphone 5 for the single cylinder and side-by-side cylinder configurations.
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the T∕D � 1.2 case shows alternating energy among three frequen-

cies, highlighting the highly unsteady and biased vortex shedding

(Fig. 7b). Aweaker form of this behavior appears at T∕D � 2, but it
is far less pronounced than at T∕D � 1.2 as illustrated in Fig. 7c.
To investigate the acoustic directivity, the variations of Φpp at the

dominant tonal frequencies and the overall sound pressure level

(OASPL, in decibels) at all tested polar angles (see Fig. 3b) are

presented in Fig. 8. The OASPL was computed over the frequency

range corresponding to St ≈ 0.8–2 as

OASPL � 10log10
Φpp df

p2
0

dB (2)

The distribution of both the dominant tonal magnitude and the

OASPL for the single-cylinder case exhibits two symmetric arcs on

either side of the cylinder relative to the flow direction. Although the

available data points are insufficient to fully resolve the acoustic

directivity pattern, these lobelike features, consistent with the find-

ings of Gloerfelt et al. [47] and Inoue and Hatakeyama [48], provide

evidence of dipolelike acoustic radiation oriented perpendicular to

the incoming flow.
Using the single-cylinder case as a reference for dipolelike radi-

ation, the directivity patterns of the side-by-side configurations

can be interpreted based on their similarity to the single-cylinder

behavior. For smaller spacing ratios (T∕D � 1.2 and 1.6), a simple

dipolelike pattern is recovered only in the OASPL distribution

(Fig. 8b), whereas the directivity of the dominant tonal magnitude
departs from that of the single cylinder and becomes asymmetric
with respect to the flow direction (Fig. 8a). This asymmetry is
attributed to the BGF, which induces persistent wake asymmetry
and causes the dominant tonal radiation to depend on the prevailing
shedding mode (NW, WW, or intermediate). In contrast, for larger
spacing ratios, particularly for T∕D ≳ 2–3, the directivity patterns of
both the dominant tonal magnitude and the OASPL closely resem-
ble those of the single cylinder, indicating recovery of dipolelike
acoustic radiation. These observations indicate that, while the dom-
inant tonal radiation can be strongly asymmetric at small spacings
due to mode-dependent wake dynamics, the frequency-integrated
acoustic field, combining tonal and broadband contributions, retains
an approximately dipolelike radiation pattern.

B. Near-Field Surface Pressure Characteristics

1. Steady Near-Field Surface Pressure

Figures 9a and 9b present the mean static pressure coefficient Cp

distributions for the lower and upper cylinders, respectively. For the
single-cylinder case, Cp reaches a maximum near 1 at the front

stagnation point θfs within the region of favorable pressure gradient
and then decreases rapidly to a minimum at θm ≈ 62 deg. As the
flow enters the adverse pressure gradient region, Cp gradually rises

(i.e., becomes less negative), signaling the approach of boundary
layer separation. This increase continues until θb ≈ 85 deg, which
defines the onset of the base region. Within this base region,

b)a)
Fig. 8 Directivity patterns of a) Φpp at the dominant tonal frequencies (corresponding, for T∕D � 1.2 and 1.6, to the low- and high-frequency tones
associated with the WW and NW modes, respectively, as well as the intermediate tone) and b) the OASPL (decibels). The flow direction is from left to
right.

d)c)b)a)

Fig. 7 Real part of the wavelet transform ℜfWg of the far-field acoustic signal of microphone 5 for a) single cylinder and b–d) side-by-side
configurations at T∕D � 1.2, 2, and 3, respectively. Different color bar ranges were chosen to clearly highlight the repeatable patches and temporal
evolution of dominant frequencies for each case.
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Cp remains nearly constant, exhibiting a deviation of only about

3% between θb and the rear stagnation point θrs in agreement with
prior studies [49,50]. At the investigated Reynolds number of

Re � 3.0 × 104, the flow lies within the subcritical regime, charac-
terized by laminar separation followed by the formation of turbulent
vortices in the cylinder wake [51]. In this regime, the pressure
distribution on the upper and lower surfaces of a single cylinder is
essentially symmetric [49,52,53], reflecting the uniform develop-
ment of the boundary layer around the cylinder.
Although the circumferential variation of Cp for both the lower

and upper cylinders in the side-by-side configurations generally
follows the trend observed for a single cylinder, notable deviations
arise at small spacing ratios. Specifically, at T∕D � 1.2, the lower
cylinder exhibits a forward shift of θfs and θm to approximately 20

and 80 deg, respectively, as shown in Fig. 9a. Owing to the geo-
metric symmetry of the configuration, the corresponding positions
for the upper cylinder shift to θfs � 340 deg and θm ≈ 280 deg, as

depicted in Fig. 9b. This pressure distribution is consistent with the
BGF characteristics reported by Alam and Zhou [54] for the same
spacing. At this T∕D ratio, although the lower and upper cylinders
exhibit symmetric behavior before flow separation, particularly in
terms of θfs and θm, the shear layers develop differently due to the

gap flow imposing an asymmetric influence on the two cylinders.
This asymmetry is particularly evident in the base region: for the
lower cylinder, this region begins near θb ≈ 100 deg and stabilizes
around Cp � −0.55 (Fig. 9a), whereas for the upper cylinder, it

starts at θb ≈ 252 deg and decreases further to approximately
Cp � −0.85, indicating weaker pressure recovery (Fig. 9b). The

difference in base pressure reflects potentially lower drag on the
lower cylinder, resulting from the gap flow being biased toward the
upper cylinder. According to Alam and Zhou, after separating from
the top surface of the lower cylinder, the gap flow impinges on the
bottom side of the upper cylinder, sweeps around it, and proceeds
downstream before detaching from its rear surface, as illustrated in
Fig. 5a. This redistribution of the gap flow reduces the momentum
exchange and entrainment in the wake of the lower cylinder, leading
to a relatively higher (less negative) base pressure and thus lower
pressure drag, despite the geometrically wider wake (mode WW).
This behavior contrasts with that of an isolated cylinder, where a
broader wake is typically associated with lower base pressure and
increased drag. In the biased side-by-side configuration, however,
wake width is governed by the gap-flow deflection mechanism
rather than by the classical pressure-recovery behavior of a single
bluff body.
By increasing T∕D to 2, where the BGF regime still prevails, θfs

and θm for both the lower and upper cylinders tend to approach
those of a single cylinder. This behavior can be attributed to the gap
distance at this T∕D, which equals the cylinder diameter; hence,
direct impingement of the separated shear layer from the bottom of
one cylinder onto the top of the other is uncommon, as noted by
Alam and Zhou [54]. Nevertheless, the gap flow remains preferen-
tially deflected due to the BGF characteristics. This is further
confirmed by the base-region pressure coefficient, which stabilizes

at approximately Cp � −0.85 for the lower cylinder (Fig. 9a) and

recovers to about Cp � −0.55 for the upper cylinder (Fig. 9b),

indicating a deflection of the gap flow toward the lower cylinder
(Fig. 5b) and resulting in a narrower wake behind it compared to the

upper cylinder.
At a further increased spacing ratio of T∕D � 3, the Cp distri-

bution for both the upper and lower cylinders closely resembles that
of a single cylinder. This behavior is characteristic of the PVS

regime, where the flowfield regains its symmetry and both cylinders
undergo von-Kármán vortex shedding at the same frequency as

illustrated in Fig. 5c. In this regime, the two side-by-side cylinders
behave more like independent, single cylinders [6].

2. Unsteady Near-Field Surface Pressure

The near-field surface pressure PSD Φpp;s (decibels/hertz) as a
function of St, is presented in Figs. 10 and 11 for the lower and

upper cylinders, respectively. For the single-cylinder case, a distinct
peak appears at St ≈ 0.2 across nearly all circumferential angles,

except at θ � θrs � 180 deg. This peak corresponds to the f1 tone
in Fig. 4, confirming that the dominant surface pressure fluctuations
originate from vortex shedding [17–24,28,30,48,55,56] and are

closely correlated with far-field acoustic radiation [17–21]. It should
be noted that far-field noise arises from both quadrupolelike acous-

tic radiation generated in the wake, where vortex shedding occurs,
and dipolelike radiation scattered from the cylinder surface due to

pressure fluctuations originating from shear-layer interactions and
rapid vertical flow motions within the vortex formation region [47].
However, the latter contribution is more dominant [18,20], consis-

tent with the classical understanding that, at low Mach numbers,
dipole sources govern far-field noise generation, whereas quadru-

pole sources play a secondary role [57]. Apart from the
f1 peak, the second and third harmonics, corresponding to the
f2- and f3-peak frequencies, respectively, are observed within

θ � 45–135 deg and θ � 225–312 deg, corresponding to the
shoulder regions on the top and bottom sides of the cylinder.

Alternating pressure fluctuations in these shoulder regions, particu-
larly at the f1- and f3-tone frequencies, act as the primary sources of

lift fluctuations [17–19,23,28,33,56]. In contrast, pressure fluctua-
tions outside these regions, particularly near θfs and, more promi-

nently, θrs, primarily contribute to drag fluctuations. This explains

why, at θ � 180 deg, the Φpp;s spectrum at the f1-tone frequency
appears entirely broadband, with no distinct peak. Instead, the

dominant peak emerges at the f2-peak frequency, consistent with
previous observations [17–21,23,24,30].
By examining Figs. 10 and 11 for the side-by-side configurations,

the emergence of peaks corresponding to the tonal noise observed in

Fig. 4 is evident for both the lower and upper cylinders, indicating
that the underlying noise generation mechanism remains consistent
with that of the single cylinder. However, except at T∕D � 3, these
peaks deviate from those of the single cylinder in both magnitude
and Strouhal number. For instance, at T∕D � 1.2, the magnitudes

of both the low- and high-frequency peaks (relative to the f1 peak)

a) b)
Fig. 9 Mean pressure coefficients Cp around the circumference of the side-by-side cylinders: a) lower cylinder and b) upper cylinder. For reference,

in the single-cylinder case, the front and rear stagnation points (θfs and θrs) occur at θ � 0 and 180 deg, respectively. The angular locations where Cp

reaches its minimum and where the base region begins are denoted by θm and θb, respectively.
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decrease compared with the single-cylinder case, with a more

pronounced reduction for the low-frequency peak, particularly at

θ � 45 and 315 deg for the lower and upper cylinders, respectively,
as shown in Figs. 10b and 11h. Although these angles do not

coincide with θfs identified for this spacing in Fig. 9, they provide

evidence of gap-flow deflection from the upper side of the lower

cylinder toward the lower side of the upper cylinder. Apart from

T∕D � 1.2, a reduction in peak magnitude occurs at T∕D � 2,
although it is less significant than that observed at T∕D � 1.2.
Considering the dominant contribution of surface pressure fluctua-

tions to far-field noise, this attenuation of surface pressure fluctua-

tions is identified as the primary mechanism responsible for the

noise reduction observed in Fig. 4.

It is worth noting that, in addition to differences in magnitude

and frequency, the circumferential distribution of the dominant

peak around both the lower and upper cylinders, particularly at

T∕D � 1.2, also deviates from that observed for the single cylinder.

To highlight these differences, the directivity of the dominant peak

is illustrated in Fig. 12. As the directivity patterns of the low- and

high-frequency peaks at T∕D � 1.2 are similar, only the latter is

presented here for clarity. It is evident that the dominant peak

magnitude on the top side of the single cylinder increases from

θ � 0 deg, reaches a maximum around θ � 90 deg, and gradually

decreases to vanish at θ � 180 deg (see Figs. 10 and 11). A

symmetric behavior is observed approximately on the bottom side,

resulting in a dipolelike directivity pattern oriented perpendicular to

a) b) c) d)

e) f) g) h)

Fig. 11 PSD of near-field surface pressure Φpp;s (decibels/hertz), around the circumference of the upper cylinder as a function of St.

a) b) c) d)

e) f) g) h)
Fig. 10 PSD of near-field surface pressure Φpp;s (decibels/hertz), around the circumference of the lower cylinder as a function of St.
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the flow, consistent with previous studies [17,20,23,24,28]. This

pattern, in line with the observations in Fig. 8a, supports the

correlation of surface pressure fluctuations with acoustic waves

scattered from the cylinder surface to the far field at the f1-tone
frequency [17,20,24,47].

For the side-by-side cylinders, the dipolelike directivity pattern of

the peak magnitude is largely restored at T∕D � 3, although the

typical indentation at θ � 180 deg is absent. This suggests that the

gap flow no longer significantly influences the cylinder surface, and

the vortex shedding behavior closely resembles that of an isolated

cylinder. For smaller spacing ratios, particularly T∕D � 1.2, an
elliptic directivity pattern emerges, with its major axis connecting

the locations of maximum magnitude of the dominant peak at

θ � 45 and 225 deg for the upper cylinder (Fig. 12a) and at

θ � 135 and 315 deg for the lower cylinder (Fig. 12b), tilted

clockwise and counterclockwise, respectively. Assuming that

near-to-far-field correlation persists for the side-by-side configura-

tion particularly at this spacing ratio, the observed elliptic directivity

supports the nondipolelike radiation pattern identified in Fig. 8a and

the presence of the BGF regime.

At T∕D � 2, the peak magnitude around the upper and lower

cylinders exhibits an approximately semi-dipole-like directivity pat-

tern perpendicular to the flow. However, the upper and lower lobes of

this pattern are asymmetric compared to the single-cylinder case.

Notably, the dominant peak magnitude on the bottom side of the

upper cylinder appears larger than on its top side, while the opposite

trend is observed for the lower cylinder. This behavior indicates a

deflection of the gap flow toward the top side of the lower cylinder.

From Figs. 10 and 11, it is evident that, in addition to differences

in the magnitude of the dominant peak, the side-by-side cylinders,

particularly at T∕D � 1.2 and 2, exhibit distinct broadband surface

pressure fluctuations compared to the single-cylinder case. To fur-

ther examine this discrepancy, the overall near-field surface pressure

level (OANPL, decibels) was calculated over the entire frequency

range of interest using Eq. (2) and the resulting directivity patterns
are shown in Fig. 13. It is observed that the OANPL directivity
around the circumference of all cylinders, except at θ � 180 deg,
particularly for the single-cylinder case, closely resembles that of
the dominant peak magnitude shown in Fig. 12. This similarity
indicates that surface pressure fluctuations at the dominant peak
frequency contribute most significantly to the OANPL, compared to
fluctuations at other frequencies. This further explains why, for bluff
bodies, the majority of far-field noise scattered from the surface
occurs at the dominant peak frequency. Despite this, the influence of
broadband surface pressure fluctuations cannot be neglected, as they
contribute to amplifying the OANPL beyond the magnitude of the
dominant peak for all cylinders. At T∕D � 1.2 and 2, the OANPL is
smaller in magnitude than at T∕D � 3, where it closely matches
that of the single cylinder across nearly all angles. For T∕D � 1.2
and 2, the OANPL remains generally comparable in magnitude
on the top side of the upper cylinder (Fig. 13a) and the bottom side
of the lower cylinder (Fig. 13b). The only notable discrepancy
between these two spacings appears on the upstream side of the
gap region, where the side-by-side cylinders at T∕D � 1.2 exhibit
smaller OANPL than those at T∕D � 2, specifically within
θ � 270–360 deg for the upper cylinder and θ � 0–90 deg for
the lower cylinder. This behavior further supports the contribution
of broadband surface pressure fluctuations to the OANPL.

C. Lift and Drag Characteristics

1. Mean Drag Coefficient

As shown in Fig. 9, the asymmetric distribution of Cp in the
base region between the lower and upper cylinders indicates the
formation of wakes with different widths, most prominently at
T∕D � 1.2. This asymmetry, further supported by the observations
in Figs. 12 and 13, implies corresponding differences in drag
between the two cylinders. Although drag was not directly mea-
sured in this study, additional insight was obtained by integratingCp

from Fig. 9 around the cylinder to estimate the drag coefficient Cd

a)

b)
Fig. 13 Directivity of the OANPL (decibels) for a) the upper cylinder
and b) the lower cylinder. The flow direction is from left to right.

b)

a)

Fig. 12 Directivity of Φpp;s at the dominant peak frequency (corre-
sponding to the high-frequency peak for T∕D � 1.2): a) upper cylinder
and b) lower cylinder. The flow direction is from left to right.
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following the approach of Maryami and Liu [20], whose variation
with T∕D is presented in Fig. 14.
At T∕D � 1.2, the lower cylinder exhibits a smaller Cd than the

upper cylinder, supporting the earlier inference that the lower cylinder
develops a wider wake region than the upper one (see Fig. 5a).
Moreover, compared to the single-cylinder case (Cd ≈ 1.02 [58,59]),
the lower cylinder shows a reduced Cd, while the upper cylinder
exhibits an increased Cd; these discrepancies also reflect a corre-
sponding difference in wake characteristics between the single-
cylinder and side-by-side configuration, highlighting the impact of
cylinder interaction on the flow structure. As the spacing increases to
T∕D � 2, the lower cylinder exhibits a higher Cd than the upper
cylinder, reversing the trend observed at T∕D � 1.2 and consistent
with the expected wake characteristics of the cylinders (see Fig. 5b).
However, relative to the single-cylinder case, this trend is not entirely
opposite to that at T∕D � 1.2; the upper cylinder shows a reduction
inCd, while the lower cylinder’sCd remains close to that of the single
cylinder. At T∕D � 3, where both cylinders are expected to exhibit

wake behavior similar to that of a single cylinder (see Fig. 5c), the Cd

of the upper and lower cylinders converge and are higher than that of

the single cylinder. This increase likely arises from residual mutual

interference, weak shear-layer interactions, and flow disturbances

induced by the neighboring cylinder.

2. Unsteady Lift and Drag Coefficient

To gain further insight into the aerodynamic force behavior of

side-by-side cylinders, the PSD of the unsteady lift and drag coef-

ficients, ϕClCl
and ϕCdCd

(1/Hz), respectively, is presented in Fig. 15,

following the method outlined in previous studies [19,24]. The

unsteady lift and drag forces were obtained by integrating the

unsteady surface pressure around the entire circumference of each

cylinder [33]. It is worth noting that within the subcritical Reynolds

number regime, the contribution of skin friction to total drag is

negligible, typically less than 2% [49]. Therefore, skin friction was

excluded from the drag estimation.
From Fig. 15, it is observed that, for the single-cylinder case, the

ϕClCl
and ϕCdCd

spectra exhibit dominant peaks at the f1- and f2-
peak frequencies, respectively, consistent with previous studies

[17–19,23,24,28,56,60]. The higher magnitude of the f1 peak high-
lights the predominance of lift fluctuations induced by periodic

vortex shedding, which drives flow-induced noise [33]. The dom-

inant peak in ϕClCl
coincides with that of Φpp;s at θ � 90 and

270 deg (Figs. 10c and 10g), whereas the dominant peak in ϕCdCd

aligns with that at θ � 180 deg (Fig. 10d), confirming that lift

fluctuations are primarily driven by surface pressures away from

the base, while drag fluctuations are dominated by base pressure.
In terms of the dominant peaks in the ϕClCl

and ϕCdCd
spectra, the

side-by-side cylinders generally exhibit similar behavior to the

single cylinder, except at T∕D � 1.2. At this spacing, although

both low- and high-frequency peaks are evident in the ϕClCl
spec-

trum of the lower cylinder (Fig. 15a), the high-frequency peak and

its second harmonic appear in the ϕCdCd
spectrum. Similar behavior

is observed for the upper cylinder; however, the low-frequency peak

disappears entirely, and the high-frequency peak becomes domi-

nant, as shown in Fig. 15c.

Fig. 14 Variation of mean drag coefficient Cd as a function of T∕D.

Black solid and blue dashed lines represent the lower and upper cylinders,
respectively. Based on the gap flow behavior: single-bluff-body (SBB)
behavior for 1 < T∕D < 1.1–1.2, BGF for 1.1–1.2 < T∕D < 2–2.2, and
PVS for T∕D > 2–2.2 [6].

a) b)

c) d)
Fig. 15 PSD of the aerodynamic force coefficients: a,c) PSD of the lift coefficient ϕClCl

(1/Hz) and b,d) PSD of the drag coefficient ϕCdCd
(1/Hz) as

functions of St. Here a and b correspond to the lower cylinder, and c and d correspond to the upper cylinder.
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It is observed that, except at T∕D � 3, where the magnitudes of

the dominant peaks closely match those of the single cylinder, the

peak magnitudes at T∕D � 1.2 and 2 are reduced, with the most

pronounced reduction occurring at T∕D � 1.2. Given the well-

established correlation between lift fluctuations and far-field noise,

the attenuation of the dominant peaks in the ϕClCl
spectra at these

spacings further supports the observed reduction in far-field noise

shown in Fig. 4. Apart from the differences between the single-

cylinder and side-by-side configurations, discrepancies also arise

between the lower and upper cylinders in terms of dominant peak

magnitudes. As shown in Figs. 15a and 15c, at T∕D � 1.2, the
dominant (high-frequency) peak in the ϕClCl

spectrum of the lower

cylinder is smaller than that of the upper cylinder, whereas this trend

reverses at T∕D � 2. In contrast, the ϕCdCd
spectra in Figs. 15b and

15d reveal that the dominant peak magnitude of the lower cylinder

exceeds that of the upper cylinder at both spacings. The behavior

observed at T∕D � 1.2 deviates from the Cd trends in Fig. 14,

suggesting that the unsteady wake dynamics and mutual interfer-

ence between the two cylinders induce asymmetric vortex shedding

and fluctuating loading that are not fully reflected in the time-

averaged drag coefficient.

D. Spanwise Coherence

Evaluating the spanwise extent over which the flow remains two

dimensional (2D) is essential, as it influences both the scattering of

acoustic waves from the surface of the cylinders and the propagation

of acoustic waves generated in the wake region to the far field. To

provide further insight into this aspect, the magnitude-squared

coherence of the near-field surface pressure fluctuations, denoted

as γ2pipj;s, is calculated. This quantity measures the frequency-

dependent correlation between a reference pressure signal (sub-

script i) and another pressure signal (subscript j) and is defined as

γ2pipj;s �
jϕpipj;s�f�j2

ϕpipi;s�f�ϕpjpj;s�f�
(3)

where ϕpipj;s is the cross-spectrum between the two signals

and ϕpipi;s and ϕpjpj;s are the auto-spectra of signals i and j,

respectively.
Although there are 28 unique spanwise spacings,Δz � η, Figs. 16

and 17 present γ2pipj;s as a function of St for the lower and upper

cylinders, respectively, for selected values of η∕D spanning the full
range from minimum to maximum. For the single cylinder, at
η∕D � 0.41, the spanwise coherence of surface pressure fluctua-

tions at the f1-peak frequency γ2pipj;sjf1 remains close to unity,

indicating strong two-dimensionality resulting from correlated vor-

tex shedding along the span. As η∕D increases, γ2pipj;sjf1 gradually
decreases, falling mostly below 0.5 beyond η∕D � 3.41. A similar

trend is observed for γ2pipj;s at the dominant-peak frequency in the

side-by-side configurations, except at T∕D � 1.2, where the coher-
ence drops below 0.5 much earlier, beyond η∕D � 0.68. This
behavior, consistent with the observations in Figs. 4, 10, and 11,
suggests that when the flow remains 2D over a shorter spanwise
extent, the resulting attenuation of near-field surface pressure fluc-
tuations leads to a greater reduction in far-field noise.
For further analysis, Fig. 18 presents γ2pipj;s at the dominant-peak

frequency across all η∕D. It is evident that, for all cases, this γ2pipj;s

decays exponentially with increasing η∕D. As shown in Fig. 18a,
the lower cylinder exhibits a decay pattern generally similar to that
of the single cylinder across all side-by-side configurations, except
at T∕D � 1.2, where a noticeably faster decay occurs. This is

evident from the spanwise location at which γ2pipj;s drops below

0.5, approximately at η∕D � 1.86 for T∕D � 1.2, compared to
η∕D � 3.1 for the other cases. For the upper cylinder (Fig. 18b),
the decay at T∕D � 1.2 remains the fastest and is slightly more

pronounced than that of the lower cylinder, with γ2pipj;s dropping

below 0.5 at η∕D ≈ 1.6. As T∕D increases, the decay rate decreases;

at T∕D � 2, where γ2pipj;s falls below 0.5 beyond η∕D ≈ 4, it

becomes slower than that of the single cylinder. Although the decay
rate increases again at T∕D � 3, approaching the single-cylinder
trend, it remains lower than the rate observed at T∕D � 1.2.

a) b) c)

d) e) f)

Fig. 16 Spanwise coherence γ2pipj;s as a function of St for the lower cylinder at selected normalized spanwise spacings η∕D. Surface pressure

fluctuations at θ � 90 deg were used to compute γ2pipj;s for both the single cylinder and the lower cylinder cases.
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In this study, the magnitude of γ2pipj;s at the dominant-peak
frequency, extracted from Fig. 18, was used to estimate the spanwise
coherence length, denoted by Λ, following previous studies
[24,30,61,62], using the relation

Λ �
�∞

0

γ2pipj;s dη (4)

Through a trial-and-error process, it was determined that the
variation of the dominant peak magnitude with respect to η∕D, as
shown in Fig. 18, is best represented by a Gaussian decay distribution

G � a1 exp −
η − b1
c1

2

(5)

where a1, b1, and c1 are the fitted coefficients. In the absence of

sufficient γ2pipj;s data at the dominant-peak frequency across the entire

span, the Gaussian fit G was numerically integrated instead of γ2pipj;s

in Eq. (4) over the range η∕D � 0 to 6 to estimate Λ. Using this
method, as illustrated in Fig. 19, the spanwise correlation length for

a) b) c)

d) e) f)

Fig. 17 Spanwise coherence γ2pipj;s as a function of St for the upper cylinder at selected normalized spanwise spacings η∕D. Surface pressure

fluctuations at θ � 90 deg for the single cylinder and θ � 270 deg for the upper cylinder were used to compute γ2pipj;s.

a) b)

Fig. 18 Spanwise coherence at the dominant-peak frequency (corresponding to the high-frequency peak for T∕D � 1.2), as a function of normalized
spanwise spacing η∕D. Gaussian fits are shown as dashed lines. The coherence was extracted at a) θ � 90 deg for the lower cylinder and
b) θ � 270 deg for the upper cylinder. For the single-cylinder case, coherence was also extracted at θ � 90 deg.

Fig. 19 Variation of the spanwise coherence length Λ at the dominant-
peak frequency as a function of T∕D. Black solid and blue dashed lines

represent the lower and upper cylinders, respectively. Based on the gap
flow behavior: single-bluff-body (SBB) behavior for 1 < T∕D < 1.1–1.2,
BGF for 1.1–1.2 < T∕D < 2–2.2, and PVS for T∕D > 2–2.2 [6].
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the single cylinder Λ was found to be 3.25D, which is consistent with
the broader data set reported in the literature [30,33]. For the side-
by-side configurations, at T∕D � 1.2, Λ decreases relative to the
single cylinder, reaching 2.07D and 1.71D for the lower and upper
cylinders, respectively. Increasing the spacing to T∕D � 2 results in
larger values, 3.31D and 3.89D, while at T∕D � 3, Λ decreases
again to 3.27D and 3.02D, approaching that of the single cylinder.
Notably, at T∕D � 1.2, the upper cylinder exhibits a smaller Λ than
the lower cylinder, a trend that reverses at T∕D � 2, consistent with
the characteristics of the BGF regime.

IV. Conclusions

This study experimentally investigated the near-field surface pres-
sure characteristics and far-field noise of two identical circular cyl-
inders arranged in a side-by-side configuration at Re � 3.0 × 104

with spacing ratios ranging from T∕D � 1.2–3. Two highly instru-
mented cylinders equipped with miniature pressure transducers were
used to measure near-field surface pressure fluctuations along both
the spanwise and azimuthal directions, while a set of microphones
was employed for far-field noise measurements.
The results revealed that, similar to a single cylinder, the imposed

pressure fluctuations on the surface of cylinders in side-by-side
configurations contribute to dominant tonal noise. However, except
for spacing ratios close to T∕D � 3, which exhibited behavior
comparable to the single-cylinder case, the other configurations,
particularly at T∕D � 1.2, demonstrated a noticeable reduction in
tonal noise magnitude. This reduction was attributed to the suppres-
sion of surface pressure fluctuations and the shorter spanwise corre-
lation of these fluctuations. Beyond changes in magnitude, the
T∕D � 1.2 configuration also produced multiple tones at frequencies
both lower and higher than the single-cylinder tone. This behavior
was associated with the highly unsteady and asymmetric wake result-
ing from gap-flow deflection and the formation of a biased-gap flow
regime. The mean static pressure coefficient distribution supported
this observation, showing that the front stagnation point and other
critical angular locations shifted by approximately 20 deg, clockwise
for the lower cylinder and counterclockwise for the upper cylinder.
Consistent with the work of Alam and Zhou [54], the gap flow
separated from the upper surface of the lower cylinder, impinged
on the lower side of the upper cylinder, wrapped around it, and exited
downstream. Consequently, the lower cylinder exhibited a wider
wake region, causing drag reduction relative to the upper cylinder.
This behavior was further supported by the near-field surface pressure
directivity patterns, where the single-cylinder dipolelike distribution
was replaced by an elliptical pattern, tilted clockwise around the
lower cylinder and counterclockwise around the upper cylinder, high-
lighting the strong aerodynamic interference and 3D effects induced
by the biased gap flow at smaller spacings.
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