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An experimental study is carried out to investigate the unsteady aerodynamic loading on cylinders in tandem
configuration in the sub-critical Reynolds number range. Experiments are performed using highly instrumented
cylinders, with several static pressure taps and dynamic pressure transducers at different spanwise and peripheral
locations. The effects of cylinders gap distance (L/D) on the static and dynamic surface pressure, coherence and
turbulence length-scale have been investigated. The surface pressure results have shown a critical cylinders gap
distances between L/D = 3 — 3.7, in which the flow patterns undergo an abrupt change in the reattachment and the co-
vortex shedding regimes. For both cylinders, it is observed that the fundamental vortex shedding Strouhal number
decreases with increasing L/D from 1.2 to 3, while for L/D > 3, the Strouhal number increases and approaches to that
of the single cylinder model (St =~ 0.2). The spanwise coherence results have also shown that the vortex shedding
structures have a high energy level and a long spanwise length scale, while the three-dimensional flow structures
within the boundary layer have a much lower energy level and shorter correlation length. The existence of the
broadband content of the spanwise coherence in the wake and especially close to the base of the cylinder is prominent
at smallest cylinders gap distance (L/D = 1.2). Furthermore, the spanwise coherence at the peripheral angles close to
the gap region is found to be purely tonal in the case of the downstream cylinder.

Nomenclature

B = wind tunnel blockage ratio

Cp = surface pressure coefficient

Cp,, = base pressure coefficient

D = cylinder diameter, m

f = frequency, Hz

fo = fundamental vortex shedding frequency, Hz
fi = first vortex shedding harmonic, Hz

fa = second vortex shedding harmonic, Hz

frn = secondary vortex shedding frequency, Hz

L = cylinders gap distances, m
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p = pressure fluctuations, Pa

Poo = freestream smooth flow pressure, Pa

Re = Reynolds number, U, D /v

St = Strouhal number, fD /U,

Uy = free stream velocity, m/s

t = time,s

X, Y, Z = streamwise, normal and lateral distance coordinate, m
Viuo; = coherence function

Ny = spanwise microphone separation distance, m

6 = peripheral angle, deg.

O = angular position of minimum pressure, deg.

0, = separation angle, deg.

0, = reattachment angle, deg.

b, = surface pressure power spectral density, Pa%/Hz
App = spanwise length scale, m

PSD = Power Spectral Density

I. Introduction

Rods in a crossflow exhibit periodic vortex shedding which produces a whistling sound. This sound is an unwanted
effect of bluff bodies in a crossflow, which can be characterized as both tonal, due to the period aerodynamic forces
acting on the cylinder which is due to the vortex shedding, and broadband, because of the presence of strong three-
dimensional random fluctuations within the boundary layer and the near-wake. Bluff bodies appear in many
engineering applications, for example, risers in marine engineering, buildings, bridges, tubular heat exchangers, power
transmission lines, chimneys, towers, etc. and have been extensively studied over the recent years [1-4]. Naturally,
some structures in a group are submerged in the wake of the others. Two inline cylinders may be considered as the
basic element of multiple structures, where the downstream cylinder is in the wake of the upstream cylinder. The
knowledge of this flow is insightful for understanding the flow around structures in groups.

In the tandem arrangement, Zdravkovich [5] and Igarashi [6] described the state of the flow interferences within
the cylinders gap region according to the separation between the two cylinders. They explained that at the smallest
separation distances, the free shear layers which separated from upstream cylinder do not reattach onto the downstream
cylinder, but rather enclose it. As separation distance is increased, the flow becomes unpredictable as the wake-body-
wake interactions intensify and the cylinders tend to have different shedding frequencies. At very large separation
distances, the flow around the upstream cylinder closely resembles that of the single cylinder. There is an overlap in
the specified separation distance ranges due to the Reynolds number effects, indicating that the location of transition
also plays an equally important role in tandem cylinder flow. Lin et al. [7] performed experiments using PIV
techniques in an attempt to characterize the flow features of two cylinders in tandem by controlling the separation
distance. They found that in the gap region between the cylinders, small scale concentrations of vorticity formed in
the separated shear layers which buffeted the surface of the downstream cylinder. This influenced the eventual
shedding large-scale vortices. Experiments were performed by Jenkins et al. [8] to characterize the unsteady flow
structures around tandem cylinders with a separation L/D = 1.432 and L/D = 3.7 at Re = 1.66 x 10°. It is observed that
inthe L/D = 1.432 case the cylinders together behaved much like a single bluff body since no vortices were shed from
the upstream cylinder and the shear layer enclosed to the gap region. In the L/D = 3.7 configuration, vortices were
shed from the upstream cylinder in the gap region. These vortices were shown to interact with the front surface of the
downstream cylinder, leading to higher pressure fluctuations on its surface. The noise generated by tandem cylinders
was also investigated experimentally by Hutcheson and Brooks [9]. Several configurations were investigated such as
in-line cylinders with equal and none-equal diameters at a range of separation distances. For equal cylinders’ diameter,
a shift in the Strouhal number and peak SPL were observed relative to a single cylinder between L/D = 1 and L/D =
4.5. Detailed noise and surface pressure measurements were performed on tandem cylinder configurations by
Hutcheson et al. [10]. They showed an increase in Strouhal number with L/D and no notable change in flow regime
for all L/D and flow speeds. The results also highlighted the existence of higher peak and broadband noise levels for
the smooth cylinder configurations.

For a proper understanding of the noise generation mechanism from external bodies in a flow, it is important to
study the flow-field around the object and the unsteady forces exerted by flow structures. The most conventional and
effective method for measuring the unsteady surface pressure fluctuations acting on the surface in a flow field is the
use of miniature pressure transducers. Using such a method, one can obtain a reliable measurement of the unsteady
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pressure over a wide range of frequencies. Unfortunately, there is no comprehensive study to investigate the surface
pressure fluctuations over the circumference of the tandem cylinders and along their span. This paper aims to provide
extensive body of research on the unsteady pressure exerted on the surface of circular cylinders in the tandem
configuration in the subcritical flow regime and perform comprehensive near-field correlation studies to improve our
understanding of the noise generation mechanisms from bluff bodies. The experimental setup and wind tunnel tests
are described in Sec. Il. The results and discussions are detailed in Sec. I11.

Il. Experimental setup
A. Wind tunnel and model

The experiments were carried out in the blowdown subsonic wind tunnel of the Yazd University with an exit cross-
sectional area of 460 mm x 460 mm. The free-stream turbulence intensity at a maximum speed of 25 m/s was found
to be less than 0.3%. The wind tunnel used in the present study has a centrifugal forward blades type fan with low
broadband noise signature. To further improve the acoustic properties of the wind tunnel and avoid noise
contamination due to the fan background noise, the internal solid surfaces of the tunnel were replaced with a highly
absorbing porous layer [11], which resulted in the reduction of the fan background noise by about 15 dB over a wide
range of frequencies.

The test model consists of two identical cylinders in tandem arrangement, aligned in a streamwise direction with
a separation distance (center to center), L, ranging from 1.2 D to 6 D, where D is the cylinder diameter. The upstream
cylinder was positioned at a fixed location on the nozzle centerline, while the downstream cylinder was moved in the
streamwise direction to achieve the desired cylinders gap distances. Both cylinder models tested in the present work
have an outer diameter of 22 mm and a span length of 460 mm. In order to simplify the instrumentation of the models
with in-situ pressure sensors, each circular cylinder model is made of three parts, namely one middle section with the
static and dynamic pressure instrumentations and two side parts to extend the span length of the model to that of the
wind tunnel exit, as shown in Fig. 1. Both models have an aspect ratio (span-length to diameter) of over 20. The wind
tunnel blockage ratio of the test rig is also less than 5 % and therefore the effects of blockage on pressure distribution
and the Strouhal number can be assumed negligible [12]. Cylinders are placed within the potential core of the exiting
jet flow and supported by two parallel rectangular end-plates downstream of the contraction nozzle. The models are
properly fixed to the side-plates to eliminate the possibility of vibration. The cylinders are mounted on a turning-table
to enable data collection using the static pressure taps and pressure transducers in fine angular increments. The details
of the experimental setup are provided in Fig. 1.

B. Surface pressure instrumentation

Unsteady surface pressure measurements are made using Panasonic electret condenser pressure transducers (series
WM-61A). The transducers have a diameter of 6 mm, height of 3.4 mm and circular sensing area of 2 mm. The same
type of pressure transducers had previously been used in similar studies [13] and has shown to provide reliable pressure
recording in the frequency range considered here. In order to reduce the attenuation effects at high frequencies,
pressure measurements are made via a small pinhole at the surface of the cylinder [14-17]. Also, as reported by Bull
and Thomas [18], the discontinuity on the surface of the model due to the presence of the pinholes can cause flow
disturbance and errors in the measurement at high frequencies. Such errors can be minimized to a large extent by
employing pinholes with very small diameters [19].
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Fig. 1. The geometry of the contraction nozzle and tandem cylinders arrangement

As shown in Fig. 2, the pressure transducers are placed inside the cylinder, underneath a small pinhole mask of
0.55 mm diameter, and fixed in place using a fully sealed holding mechanism. The pinholes are made using an accurate
drill machine. The geometrical dimensions of the pinholes and the pressure transducer holding mechanism are shown
in Fig. 2. A more detailed explanation regarding the pressure transducers installation and calibration can be found in
Refs [2, 20-22].

Fig. 2. In-situ boundary layer surface pressure measurement using a pressure transducer installed under a
pinhole

C. The layout of surface microphone array

The layout of the pressure transducers used for the measurement of the dynamic pressure acting on the surface of the
cylinder is depicted in Fig. 3. The locations of the pinholes are also summarized in Table 1. A total number of 15
microphones are distributed in the spanwise and peripheral directions. A set of microphones (p1-p8) are installed on
a straight line along the span of the cylinder to verify the two-dimensionality of the flow and also to measure the
4
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spanwise length-scale at different frequencies. To fully resolve the flow structures, the spanwise transducers must be
distributed over at least 5D-7D, as reported in the literature [10, 13, 23]. At the same time, the transducers must be
kept outside the boundary layer developed by the wind tunnel side-plates. The maximum thickness of the boundary
layer created on the side-plates at the flow velocity of 20 m/s is found to be 8 mm. In this study, the pressure
transducers are distributed over 6D (132 mm) along the span and are always outside the side-plate boundary layer.
The minimum distance between the transducers is limited by the physical dimension of the transducers. The pinholes
in the spanwise direction are distributed according to a potential function, with an unequal spacing, providing a non-
redundant population of sensor spacing and a maximum number of spatial distances available for cross-correlation
studies. Another set of pressure transducers (p9-p15) are distributed around the circumference of the model at the mid-
span plane with an angular spacing of 45°, to provide information on the flow structures and shedding at different
peripheral angles. The turning-table has been used to collect data at every 5° degrees. A 32-channel power module
was used to power the Panasonic pressure transducers and the data were collected using two 16-channel NI PCI-6023E
data acquisition systems. The sampling frequency used is f; = 40 kHz, and a total of 800,000 samples were recorded
over 20 s. Reliable and repeatable measurements are achieved for all pressure transducers. The uncertainty in the
surface pressure spectra due to the statistical convergence error was about 3.5%.

Fig. 3. The sensing area on the cylinder equipped with static pressure taps and spanwise and peripheral
pressure transducers

Table 1. Position of pressure pinholes on the surface of the model
Microphones z/D 0 (deg)  Microphones  z/D 0 (deg)

pl 0.0 90 p9 0282 45

p2 0.682 90 p10 0.0 0.0
p3 1.545 90 p1l 0282  -45
p4 2.955 90 p12 0.0 -90
p5 -0.41 90 p13 0282  -135
pé -0.91 90 pl4 0.0 180
p7 -1.864 90 p15 0282 135
p8 -3.0 90

D. Static pressure measurement

In order to study the cylinder flow-field and measure the pressure distribution around the cylinder (C,), the model is
instrumented with 18 static pressure taps, distributed evenly with 20° spacing over the circumference of the cylinder,
as shown in Fig. 3. The pressure taps have a diameter of 0.55 mm. Each tap-hole is tightly fitted with a 5 mm long
brass tube, with the inner and outer diameters of 0.4 mm and 0.6 mm, respectively. The brass tubes are then connected
to a series of polyurethane tubes with the diameters of 1mm, 3 mm and 4 mm, and finally connected to the pressure
scanner ports outside the cylinder. The static pressure measurements are carried out using a Honeywell electronic
differential pressure measurement unit with 32 channels with a range of +1.25 kPa. An uncertainty analysis of the
pressure measurement, based on the method described in Ref. [24], showed a maximum uncertainty of 2.2%.
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I11. Results and Discussion

A. Aerodynamic characteristics

The pressure coefficient distribution around the two cylinders in tandem at Re = 14.7 x 103, 22 x 103 and 30 x 103,
based on the diameter of the cylinder is presented in Fig. 4 for five different cylinders gap distances. This Reynolds
number range is limited to the subcritical regime, as reported by [25]. The results show that the mean pressure
coefficient on the upstream cylinder is similar for all cylinders gap distances and Reynolds numbers. The differences
are observed mainly in the wake region. The overall trend of the distributions is also similar to that of the single
cylinder. The pressure coefficient of the upstream cylinder is maximum (C, ~ 1) at the stagnation point (6 = 0°) but
decreases to a minimum point at 8,, = 70°, which is also the starting point of the adverse pressure gradient region.
For 6 > 70°, the increase in the pressure coefficient occurs and the laminar boundary layer separation can ultimately
be seen at 6; = 80°. In the base pressure region, which extends from the separation point (6;) to the base of the cylinder
(6, = 180°), nearly constant pressure can be observed, consistent with the results of a single cylinder. In general, it
can be seen that at all Reynolds number there are certain effects of the downstream cylinder on the pressure distribution
of the upstream one, essentially on the values of minimum pressure (Cpm) and of the base pressure (Cp,) ie. C,

atg, = 180°. These effects are relatively stronger at subcritical Reynolds number than at supercritical one [26].
Depending on the Reynolds number value, the pressure distribution results of the upstream cylinder indicate an
increase in the pressure coefficient value as the cylinders gap distance increases from L/D = 1.2to L/D = 3 — 3.7. This
is true for all angular positions around the upstream cylinder but is prominent in the base pressure region. For cylinders
gap distances limited to L/D > 3 — 3.7, the opposite trend can be seen, and the minimum pressure coefficient takes
place at the largest cylinders gap distance, i.e. L/D = 6. The more interesting issue, however, is that the pressure
distribution of the upstream cylinder for L/D = 6 presents a similar curve to the one for single cylinder because the
separated shear layer from upstream cylinder rolls up in the gap between cylinders in addition to the wake of the
downstream cylinder. For L/D = 1.2 and 1.432, where the gap is believed to contain mostly stagnant fluid [5] or
oscillatory cavity-flow-type behavior [27] and the flow predominantly consists of vortex shedding behind the
downstream cylinder, the pressure distribution curves are similar to that of the single cylinder. Note that for small gap
cylinders gap distances up to L/D = 3 — 3.7, the base pressure coefficients of the upstream cylinder (Cpb) are almost

the same as the pressure coefficient of the front stagnation point of the downstream cylinder. This fact can be due to
the quasi-stationary vortices formed in the gap between cylinders [6, 28].

On the downstream cylinder, the variations in C,, are larger as the cylinders gap distances are changed, which is
clearly seen in Fig. 4. This, of course, makes sense as the pressure distribution on the downstream cylinder is dependent
on the state of the gap flow. Up to the critical cylinders gap distances L/D = 3 — 3.7, there is a strong low negative
pressure near the stagnation point in the pressure distribution around the downstream cylinder. In this cylinders gap
distance range, it can also be seen that pressure reaches a maximum value at the position of reattachment point (6,),
where the separated shear layer from upstream cylinder reattaches onto the downstream cylinder. Generally, the
reattachment position is shifted to the front stagnation point with increasing cylinders gap. It should be noted that the
shear layer reattachment behavior leads to a backward shift in angular position of the minimum pressure and boundary
layer separation on the downstream cylinder, i.e., respectively, 6,, = 100° and 8, = 140°. In the case of L/D = 6, the
minimum pressure coefficient is found to be 70°, while the separation occurs at 8, ~ 140°. For all the Reynolds
numbers except Re = 14.7 x 103, the base pressure coefficient in the case of the downstream cylinder decreases to
Cp, ~—057 at L/D =37 and then increases for L/D > 3.7. The same trend can be seen for Re = 14.7 x 103, but
increase in the base pressure coefficient begins from the critical cylinders gap distance of 4D. For both cylinders, a
decrease in the base pressure is due to the increased curvature of the free streamline and entrainment of reversed flow
into the opposing shear layer which corresponds to the reduction of the vortex formation length and enhancement of
the diffusion length [29]. In this case, an increase in the vortex strength is expected.
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Fig. 4. Mean pressure coefficient distributions around the front and rear cylinders.
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B. Boundary layer surface pressure fluctuations

The power spectral density of the surface pressure fluctuations (PSD) obtained from the pressure transducers p1,
p9, p10, p14 and p15 for both the upstream and downstream cylinders at Re = 30 x 103 are presented in Figs. 5 and 6,
respectively. In order to estimate the energy content at different frequencies, the Welch’s power spectral density of
pressure fluctuations (¢pp) has been performed based on the time-domain pressure transducer data in Matlab using
Hamming windowing for segments of equal length with 50% overlap. The frequency resolution was set to 64 Hz. The
pressure PSD data are referenced to 20 uPa. The PSD results are presented only when the surface pressure fluctuations
are at least 10dB higher than the background noise due to the freestream flow. The fundamental, first and second
harmonics of the vortex shedding frequency (i.e., fo, f, = 2f, and f, = 3f;, respectively) can be clearly seen from the
results of both cylinders. The strong tonal behavior observed is associated with the fundamental frequency, which can
be attributed to the presence of a strong hydrodynamic field travelling upstream from the wake region, where flow
recirculation occurs, for both the cylinders. It can be"inferred that the flow structures corresponding to this field, i.e.
VVon Karman vortices, play a major role in generating surface pressure fluctuations exerted on tandem cylinders. This
tonal peak is detected for almost all cylinders gap distances and angular positions, except L/D = 3 in the case of
upstream cylinder base (8 = 180°) as shown in Fig. 5. Interestingly, for the downstream cylinder at L/D = 3.7, in
addition to 8 = 180°, at front stagnation point (6 = 0°) tonal peak at the £, have very small amplitude compared to that
of the f;. As can be observed, the reduction of the broadband content of the surface pressure PSD with frequency is
significant and consistent for both the cylinder cases. The decay gradient of the surface pressure spectra after the
second harmonic, however, changes with the angle and it is prominent for the upstream cylinder. At large angles (6 =
135° and 180°), and particularly at the cylinder base (6 = 180°), the surface pressure PSD spectra follow a smaller
gradient than that of the small angles (6 = 0°, 45° and 90°). This trend is completely reversed for the downstream
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Fig. 5. Surface pressure power spectral density measured at different angular positions at Re =
30 x 103 for the upstream cylinder at different cylinders gap distances (L/D).

cylinder. It is noticeable that the difference between the PSD spectra gradients at different angles for the upstream
cylinder is considerably higher than those of the downstream one. Moreover, the reduction in the broadband content
of the energy spectra in the case of both cylinders has made the tones to protrude well above the broadband spectra.
Another important issue is that for the upstream cylinder, the broadband content of the PSD spectra increases over the
angle in the whole Strouhal range. In the case of the downstream cylinder, a lower level of the PSD broadband content
is monitored at 8 = 180°, while depending on L/D and the ranges of Strouhal number, the highest PSD level for this
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component occurs at one of the angles of 8 = 45°, 90° and 135°. Generally, the difference between the broadband
levels at different angles around the downstream cylinder are prominent within 1.2 < L/D < 3, as shown in Fig. 6.

A fact that would require further attention is that beyond St = 6 in upstream cylinder case, the surface pressure
PSD nearly tends to increase for angles of 8 = 45° and 90°, while experimental data at & = 135° and 180° show sharp
decreases with Strouhal number. The rise in the surface pressure fluctuations at forward angles (i.e. 8 = 45° and 90°)
is believed to be partly due to the transition to the turbulent flow and the observations of sudden drop in PSD at
rearward angles (i.e. 8 = 135° and 180°) also reflect the effects of the instabilities in the separated boundary layer
immediately downstream of the separation point. As established by Wei and Smith [30], the so-called secondary
vortices are the result of the amplification of these instabilities which play a major role in the transition to turbulence.
The vortices in the separated boundary layer are small-scale vortices which grow up and feed the large-scale Karman
vortices. However, the effect of the base pressure fluctuations in the vicinity of the rear stagnation point is undeniable
in generation of the Strouhal vortices [31]. As has been shown, for St > 6, the PSD enhancement ceases to occur at
all angles around downstream cylinder because the presence of upstream cylinder, similar to the upwind turbulence-
generating grids, leads to flow on downstream one becomes entirely turbulent. The effects of free shear layer
instabilities on the surface pressure PSD, on the other hand, can be seen with broadband hump around St ~ 7 at all
cylinders gap distances and angular positions. Note that in the downstream cylinder case, at the pre-separation angles
(6 < 65 ~ 100°), the broadband hump can be due to the effects of instabilities in free shear layers separated from
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Fig. 6. Surface pressure power spectral density measured at different angular positions at Re =
30 x 103 for the downstream cylinder at different cylinders gap distances (L/D).

upstream cylinder, while at post separation angles (6 > 8, ~ 100°), the broadband hump is dominantly sensitive to
formation of secondary vortices in the boundary layer separated from downstream cylinder. According to Ref. [30],
non-dimensional secondary vortex shedding frequency (fxy) is related to the Karman vortex shedding frequency (f;)
and Reynolds number through the expression fyy/fo = (Re/470)%87. The dependency of fyy/fo with Reynolds
confirmed by other researchers (e.g. f,.,,/f, « Re™®” by Prasad and Williamson [32], fxx/fo « Re®*® by Norberg [33]
and fxu/fo « Re®¢° by Thompson and Hourigan [34]).
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C. Pressure coherence analysis

The results in section B showed the changes to the surface pressure PSD and the vortex shedding frequencies at
different peripheral angles and cylinders gap distances. The results demonstrated that the energy content of the
boundary layer and wake turbulence structures changes with L/D and the angular positions around the cylinders,
leading to significant changes to the boundary layer and the wake flow field. In this section, we will further investigate
the changes to the shape of the flow structures corresponding to the boundary layer and vortex formation region by
studying the lateral coherence of the surface pressure signals over the surface of both cylinders. These results will
enable us to better understand the underlying physics of boundary layer structures convected downstream and the
hydrodynamic energy travelling upstream from the vortex shedding region.

1. Surface pressure lateral coherence and length scale

The lateral coherence of the turbulent structures and their corresponding length scale have been studied using the
pressure transducers (p1-p8). The coherence between pressure transducers along the span the lateral length scale can
be found from,

| @y 0 )|
Py, (™2, f)q)pjpj Mz

App(F) = f,° /ygip,. (f.n,) dbz, @)

where @, ,.(n,, f) denotes the cross-spectrum between the two pressure signals, @, (n,,f) is the auto-spectrum of
each individual signal, and 7, is the spanwise separation distance between the transducers.
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Fig. 7. Lateral coherence measured around the upstream cylinder at Re = 30 x 103 and at different
cylinders gap distances (L/D). n,/D = 0.41( ), m,/D =0.5(----- )sMz/D =0.68(-:eeue. ),
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For the upstream and downstream cylinder, respectively, Figs. 7 and 8 present the lateral coherence measured between
the spanwise transducers for the lateral spacings in the range of n,/D = 0.41 to 5.95, which should be sufficient for
capturing the two- and three-dimensional flow structures. The coherence (y3,) results are plotted as a function of the

Strouhal number (fD/U,,) at Re = 30 x 103 for both the upstream and downstream cylinders with a center to center
cylinders gap distance range of 1.2 < L/D < 6. In all cases, as expected, a strong coherence can be observed at the
vortex shedding frequencies (f,, f, and f,) between the pressure signals. Moreover, the lateral coherence value at the
fundamental frequency is greater than those at f; and f,,, except for 6 = 180° at L/D > 3 in the case of the upstream
cylinder and 6 = 0° nearly between L/D = 1.2 — 6 in the case of the downstream cylinder. The results clearly show
that different distances of n,/D and L/D have a significant and distinct effect on the lateral coherence of the flow
structures, depending on the angular positions around the tandem cylinders. It can be generally observed that the lateral
coherence level between the transducers decreases with n,/D at all angles. The coherence at the small lateral spacings
close to the range of n /D = 0.41 — 0.68, has a relatively strong broadband content, in addition to the distinct strong
peaks at fo, fi and f,. With increasing the spanwise separation distance, however, the tonal components have only
appeared, and the lateral coherence entirely becomes zero at other frequencies. It can be concluded that coherence
level of the three-dimensional flow structures is small within a short lateral distance (betweenn /D = 0.68 — 2.27),
while the two-dimensional structures, i.e. vortex shedding structures, retain their coherence over a much longer
spanwise distance. This clearly indicates that the physical size of the two-dimensional structures is considerably large
and their role in generating surface pressure exerted on cylinders is very significant.

In the case of the upstream cylinder, the coherence results at the stagnation point (¢ = 0°) show a broadband
behavior with tonal peaks at the f, and f;, indicating that the hydrodynamic field due to the Karman vortex shedding
can be realized at the stagnation point. The broadband content of the coherence is particularly strong at 6 = 45° and
then decreases with angles. This is valid for all the cylinders gap distances, except for the smaller one, i.e. L/D = 1.2.
At pitch ratio of 1.2D, the downstream cylinder places inside the vortex formation region of the upstream cylinder and
the separated shear layers from the upstream cylinder are forced to reattach onto the downstream cylinder (see Fig. 4)
before rolling up into the Karman vortices behind the downstream cylinder. Both the cylinders, in this case, behave
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Fig. 8. Lateral coherence measured around the downstream cylinder at Re = 30 x 103 and at different cylinders
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as an extended body that the shear layers from the upstream cylinder elongate considerably along the streamwise
direction, where the three-dimensional structures have enough time to grow on the upstream cylinder and produce
high broadband energy content region. The broadband content of the lateral coherence decreases with increasing L/D,
exceptat & = 0°, which is prominent in the gap region and especially at the base of the upstream cylinder (6 = 180°).
This can be due to an upward shift in the vortex formation region with increasing cylinders gap distances in the gap
region. At 8 = 180°, the lateral coherence is entirely tonal at £, for all pitch ratios except L/D = 6, that the maximum
fundamental frequency amplitude (ygip]_ = 1) can be observed at L/D = 1.2 betweenn_/D = 0.41 — 0.68. tone at 6 =
180°.

In the case of the downstream cylinder, the lateral coherence is considerably dominated by tonal peaks at the vortex
shedding frequencies for all spanwise distances as shown in Fig. 8, particularly, at the front stagnation point (6 = 0°)
and angles closer to the shear layers reattachment positions (8 = 45° and 90°) compared to that of the upstream
cylinder. It is believed that these tonal characters can be due to the emergence of a strong upstream-moving
hydrodynamic field due to the vortex shedding behind the downstream cylinder, covering forward angular positions
of the downstream cylinder. For all pitch ratios, the lateral coherence results observed at 8 = 0° in the downstream
cylinder case is nearly similar to those of the upstream cylinder at 6 = 180°. This is particularly an interesting result
as it shows that the turbulent structures close to the gap region generate pressure fluctuations at the base of the upstream
cylinder and front stagnation point of the downstream cylinder which correlate in a similar way at the spanwise
direction. However, at L/D = 6, the emergence of the fundamental tone over a small spanwise distance range (i.e. from
n,/D = 0.41 10 0.68) at the front impingement point of the downstream cylinder is significant, while the lateral
coherence at f, is completely eliminated at the base of the upstream cylinder. Note that for the downstream cylinder
at the pitch ratio of 6D, the lateral coherence of the turbulent structure decays quickly with frequency after the
fundamental tone at & = 45°, 90° and 135°. The pressure signals measured by the spanwise transducers at 8 = 180°, in
this cylinders gap distances, also exhibit much lower coherence values at f;, and broadband content at other frequencies
which is in contrast to the upstream and single cylinder cases. Another interesting phenomenon observed here is the
emergence of a double-peak coherence behavior near f, at angles 8 = 90° and 45 between n,/D = 2.72 and 4.54 can
be observed at L/D = 4 and 6 for both cylinders. A similar observation was made by Maryami et al. [2] for a single
cylinder at angles of 8 =90° and 135°. The nature of the double-peak is not quite clear and requires further
investigation.
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Figure 9 shows the frequency dependent spanwise length-scale results (A,,) calculated using Eq.2, based on the
coherence of the pressure fluctuations between the spanwise transducers. In this figure, the results of tandem cylinders
at Re =30 x 103 are compared against the single cylinder data [2]. In the case of both cylinders, the spanwise
correlation length for 8 = 45°, 90° and 135°, experience a similar trend with distinct peaks at the fundamental vortex
shedding frequency (f,) and its harmonics f; and f,, consistent with the results of a single cylinder. The results also
show that the value of the spanwise length-scale at the fundamental frequency for these angles reaches about A, (f,) =
5DatL/D = 1.2 — 2, whilethat for L/D = 3 becomes nearly A,,,(f,) = 3D and again increases to A,,(f,) ~ 4DatL/D =
3.7 — 6. The correlation length results for upstream and downstream cylinders at angles close to the gap region show
nearly similar behavior at all pitch ratios. As can be observed in Fig. 9, at angles of 45°, 90° and 135°, the f,- peak
value of the spanwise length-scale in single cylinder case is larger than that of the tandem cylinders and their difference
reaches a maximum at L/D = 3. At these angular positions, the difference between the spanwise length-scale for the
single and tandem cylinder cases is prominent within L/D = 3 — 6. On the contrary, at 6 = 180° and for all cylinders
gap distances, both the upstream and downstream cylinders exhibit much larger spanwise length-scale at the
fundamental frequency compared to that of the single cylinder. At largest pitch ratio (L/D = 6), as mentioned before,
the tonal and broadband contents of the lateral coherence for the upstream cylinder case is similar to that of the single
cylinder results of Ref. [20].

IVV. Conclusion

The unsteady aerodynamic loading for a tandem cylinder configuration has been studied experimentally. Two identical
circular cylinder models equipped with several peripheral and spanwise surface pressure microphones were used to
measure the surface pressure fluctuations. The unsteady surface pressure interaction between the two cylinders in
tandem was characterized by changing the cylinders gap distances. For both cylinders, results have shown the
emergence of the fundamental, first and second harmonics at most of the peripheral angles. The broadband
components, due to the boundary layer and wake flow structures generated around the cylinder can be seen from the
onset of the boundary layer for the upstream cylinder and after the reattachment location around the downstream
cylinder. The spanwise coherence results have also shown that the vortex shedding structures have a long spanwise
length, while the three-dimensional flow structures have much shorter correlation length. The spanwise coherence at
the peripheral angles close to the gap region for the rear cylinder is found to be purely tonal. The results in this paper
provide a high-quality fundamental study on the unsteady aerodynamic loading for a tandem cylinder’s configuration
and provide the motivation for further numerical investigation in the context of noise generation mechanisms of bodies
in tandem.
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