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Vortex Shedding in a Tandem
Circular Cylinder System With
a Yawed Downstream Cylinder
This investigation examines the flow produced by a tandem cylinder system with the
downstream cylinder yawed to the mean flow direction. The yaw angle was varied from
a ¼ 90 deg (two parallel tandem cylinders) to a ¼ 60 deg; this has the effect of varying
the local spacing ratio between the cylinders. Fluctuating pressure and hot-wire meas-
urements were used to determine the vortex-shedding frequencies and flow regimes pro-
duced by this previously uninvestigated flow. The results showed that the frequency and
magnitude of the vortex shedding varies along the cylinder span depending on the local
spacing ratio between the cylinders. In all cases the vortex-shedding frequency observed
on the front cylinder had the same shedding frequency as the rear cylinder. In general, at
small local spacing ratios the cylinders behaved as a single large body with the shear
layers separating from the upstream cylinder and attaching on the downstream cylinder,
this caused a correspondingly large, low frequency wake. At other positions where the
local span of the tandem cylinder system was larger, small-scale vortices began to form
in the gap between the cylinders, which in turn increased the vortex-shedding frequency.
At the largest spacings, classical vortex shedding persisted in the gap formed between the
cylinders, and both cylinders shed vortices as separate bodies with shedding frequencies
typical of single cylinders. At certain local spacing ratios two distinct vortex-shedding
frequencies occurred indicating that there was some overlap in these flow regimes.
[DOI: 10.1115/1.4023949]

Introduction

One of the major sources associated with airframe noise are the
landing gear arrangements that are deployed as the aircraft
prepares to take-off or land. These are the times when the aircraft
is the closest to the civilian populations, and the noise is of
the greatest concern. Recent studies by Khorrami et al. [1] and
Fitzpatrick [2] have attempted to understand the acoustic sources
in landing gear by modeling the landing gear as tandem cylinders
in cross flow. Other investigations have focused on single yawed
cylinders [3–6], a configuration that closely resembles one strut of
a multistrut landing gear. However, a more realistic configuration
is a grouping of two tandem-yawed cylinders, where the upstream
cylinder is maintained perpendicular to the mean flow and the
downstream cylinder is angled, or yawed. The tandem-yawed cyl-
inder system can be viewed as a tandem cylinder system where
the local spacing ratio between the cylinders is being varied along
the span of the cylinders. Figure 1 shows the arrangements exam-
ined in this investigation. The unsteady flow around this geometry
is the focus of the current investigation.

Although a common arrangement in landing gear design, this
particular geometry has not received any previous research inter-
est; however, the case of two parallel tandem cylinders has been
studied extensively [1,2,7–21]. The vortex shedding encountered
in a tandem cylinder arrangement is normally characterized based
upon the spacing ratio between the cylinders. Zdravkovich [9,10]
and Igarashi [15] developed classifications for the vortex-
shedding regimes as follows: for extremely small cylinder spaces
1 < S=D < 1:1�1:3, no discernible vortex shedding occurs within
the gap and the cylinders behave essentially as a single large bluff
body. For intermediate spacing ratios 1:1�1:3 < S=D < 3:5�3:8,
the shear layers will separate from the upstream cylinder and reat-
tach at different locations on the downstream cylinder. For larger

spacings 3:8 < S=D < 5�6, the cylinders begin to behave as
separate entities with vortex shedding from each cylinder occur-
ring and approaching the same frequency as the isolated cylinder
case. Igarashi [15] notes that these spacings can depend somewhat
on the Reynolds number of the flow if Re < 20; 000. Both Zdrav-
kovich [11] and Sumner [22] provide excellent reviews of the
flow around tandem cylinders.

Despite the breadth of information available on tandem cylin-
ders in cross flow, relatively little is known about the effect of
varying the yaw angle of one of the cylinders on the flow dynam-
ics. However, a significant amount of research has been done on
examining the flow from a lone yawed cylinder. For example,
experiments conducted by Ramberg [3] and Snarski [4], as well as
computational work by Marshall [5], showed that yawing the cyl-
inder can cause the flow to become highly three dimensional,
resulting in different shedding regimes for different spanwise
locations. Recently, Hogan and Hall [6,23] used 16 simultaneous
pressure measurements taken along the span of the single yawed
cylinder to investigate the effect of yaw angle on the vortex shed-
ding. They showed that the characteristics of the vortex shedding
changed significantly along the span of the cylinder for yaw
angles less than 70 deg and noted that yawing the cylinder causes
the vortex shedding in the wake to become more disorderly. This
was due to broadband three-dimensional turbulence developing
on the upstream end of the cylinder which disrupts the once regu-
lar vortex shedding downstream, which was similar to Ramberg’s
[3] results at a much lower Reynolds number.

Ljungkrona and Sunden [18] performed streamwise flow visual-
ization and Wu et al. [20] focused on examining the spanwise
behavior of the flows over tandem cylinders with similar spacings
to those examined here. The Reynolds numbers of both of those
studies in the range of 103�104. Those studies employed blockage
ratios of 4:5%�6%, and length-to-diameter ratios of 16–24.
Ljungkrona and Sunden [18] determined that the resulting flow
field depended heavily on the spacing between the tubes, as well
the effects of Reynolds number up to 10,000. For Reynolds num-
bers greater than 10,000 their pressure measurements showed that
the shedding frequency was insensitive to Reynolds number
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effects. Wu et al. [20] concluded that tandem cylinders showed
higher spanwise coherence than single cylinders when the spac-
ings between cylinders were small, S=D < 3.

Xu and Zhou [14] used a hot-wire anemometer to study the
changes in dominant shedding frequencies measured in a tandem
cylinder when the spacing between the cylinders was varied, over
a variety of Reynolds numbers of 800�4:2� 104. These are again
similar to the Reynolds number investigated here. They examined
two length-to-diameter ratios of 40 and 16 yielding two different
blockage ratios of 2:5% and 6:7%, respectively. Xu and Zhou [14]
concluded for Re > 20; 000 the shedding frequency from tandem
cylinders no longer depended on Reynolds number, but was
entirely governed by the spacings between the cylinders. This
agreed with the earlier findings of Igarashi [15].

In the present experiment, the unsteady flow field in a yawed tan-
dem cylinder system is examined using fluctuating pressure meas-
urements taken on the surface of both the upstream and downstream
cylinders simultaneously. These readings were used to determine
the shedding frequencies from the cylinders. Using pressure taps
mounted on the surface of the cylinders is a very common practice
for examining vortex dynamics on tandem cylinders [8,17,18], as
well as yawed cylinders [4,6]. Hot-wire probes were also used at
select locations to confirm the microphone spectra results.

Experimental Setup

The experiments were conducted in a low-speed wind tunnel
with a 0:58 m by 0:58 m square test section set up at the Univer-

sity of New Brunswick. The circular cylinders were 42:4 mm in
diameter and made of aluminum. The velocity of the wind tunnel
was set to U1 ¼ 20 m/s corresponding to a Reynolds number
based on the cylinder diameter of 56; 000. The cylinders were rig-
idly mounted to eliminate the possibility of any vibration
and spanned the entire height wind tunnel, yielding a length-to-
diameter ratio of 13:5 and a solid blockage ratio of only 7:4%.
The yaw angle of the downstream cylinder a could be adjusted
between a ¼ 60 deg and a ¼ 90 deg, while the upstream cylinder
remained perpendicular to the mean flow.

The vortex-shedding frequency was ascertained using 12 simul-
taneous measurements of the fluctuating wall pressure on each cyl-
inder and with a hot wire positioned behind or between the two
cylinders to measure the unsteady wake. The microphones used in
this study were Panasonic Electret Condenser Microphones, series
WM-64PNT. Pressure measurements were made via a pin-hole
configuration at the surface of each cylinder. The placement of the
microphones is shown in Fig. 1. The microphones were connected
to the pin holes via hypodermic tubing. The response of the
mounted microphone system was determined to be flat from 20 to
1000 Hz. The 12 microphones were spaced 0:5D apart and
spanned 5:5D along each cylinder, as shown in Fig. 1. The hot wire
was placed 1D behind selected microphones. The experiment was
repeated for six hot-wire locations, corresponding to the bottom,
midspan, and top microphone positions on each cylinder. The
microphone and hot-wire signals were sampled simultaneously at
10 kHz for 100 s using a 16-bit Microstar data acquisition system.
The data was then partitioned into 100 blocks of 1 s duration, yield-
ing an uncertainty in the magnitude of the spectra at each fre-
quency of no greater than 20% at the 95% confidence interval.

Experimental Results

The first case investigated for this paper was that of a simple
tandem arrangement where both cylinders were maintained parallel
to one another (a ¼ 90 deg). The local center to center spacing of
the cylinders remained constant at S=D ¼ 2. In order to study the
effects of the microphone azimuthal angle on the microphone and
hot-wire readings, the experiment was repeated with the pressure
taps on the downstream cylinder mounted at two azimuthal angles,
c ¼ 70 deg and c ¼ 90 deg. The normalized power spectra for both
the c ¼ 90 deg and the c ¼ 70 deg case are shown in Fig. 2. In all
figures, the microphone spectra are normalized by the dynamic
head of the mean flow squared q2 and the hot-wire spectra are nor-
malized by the upstream mean flow velocity squared U2

1.
Although there are some small changes in magnitude associated

with the placement of the pressure tap, all pressure spectra indi-
cates a single and identical dominant frequency component corre-
sponding to a Strouhal number of 0:151 for the c ¼ 90 deg
azimuthal case and 0:153 for c ¼ 70 deg. These values are in good
agreement with Xu and Zhou [14] who reported a value of
St ¼ 0:15 for a Reynolds number of 42; 000 for this spacing, and
with the results of Ljungkrona et al. [17] who found a value of
around St ¼ 0:155 for tandem cylinders with this spacing, but
with lower a Reynolds number of 20; 000. The peaks are very
sharp, indicating that the vortex shedding is strongly periodic, and
associated with a single dominant frequency, as expected. The
pressure readings from the downstream microphones showed
much higher pressures on the downstream cylinders for all azi-
muthal angles examined. This is consistent with the findings of
Arie et al. [8], who noted that pressure coefficient was much
higher on the downstream cylinder of a tandem cylinder system.
The spectra associated with the downstream cylinder are several
orders of magnitude higher than those of the upstream cylinder,
and as the dipole source at low Mach numbers is dominant, this
likely indicates that the downstream cylinder would be the strong-
est contributor to noise in this tandem cylinder system.

Similar spectra for a tandem cylinder configuration with the
downstream cylinder yawed to 80 deg are shown for an azimuthal
angle of c ¼ 90 deg in Fig. 3. These results did show a slight

Fig. 1 Schematic of various yawed tandem cylinder systems
with local spacing ratios, S/D, shown at the narrow, middle, and
wide ends for (a) a 5 90 deg, (b) a 5 80 deg, (c) a 5 70 deg, and
(d) a 5 60 deg

071202-2 / Vol. 135, JULY 2013 Transactions of the ASME

Downloaded From: https://fluidsengineering.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Fig. 2 Microphone power spectra normalized by dynamic head squared q2 for a 5 90 deg for two azimuthal angles, c 5 70 deg
and c 5 90 deg

Fig. 3 Normalized power spectra at various spanwise locations for a 5 80 deg
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sensitivity to azimuthal angle, primarily in the magnitude of the
spectra. This was due to pressure taps on both cylinders being
positioned at c ¼ 70 deg, which was too far away from the separa-
tion and reattachment points to provide strong pressure fluctua-
tions. However, the energy distribution with respect to frequency,
f , did not change significantly. As shown, the local spacing ratio
between the cylinders is no longer constant in the spanwise direc-
tion and varies along the cylinder span from S=D ¼ 2:7 for the
microphones mounted at narrow end increasing up to S=D ¼ 3:9.

At the top half of the cylinder, where the local spacing ratio is
the largest (S=D ¼ 3:9), the pressure spectra obtained from the
upstream cylinder have a single dominant peak associated with a
Strouhal number of St ¼ 0:182. The same frequencies persists in
the wake and the gap hot wire at this location. Based upon the
strong peak in the spectra, the Strouhal number and the local spac-
ing ratio, it is likely that there is some form of vortex shedding
occurring in the gap formed between the two cylinders and strong
vortex shedding in the wake at this spanwise location. The magni-
tude of the spectra on the downstream cylinder are several orders
of magnitudes higher than those found from the upstream spectra,
indicating that the wake of the downstream cylinder shows a
higher degree of vortex organization. When the local spacing ratio
decreases down the cylinder span to about S=D ¼ 3:3, a weak sec-
ondary peak at St ¼ 0:15 begins to appear in the pressure spectra
for the rear cylinder. The magnitude of the peak in the wake
increases down the cylinder span until it becomes comparable to
the peak at St ¼ 0:182. The lower frequency peak is not observed
at all in the microphone on the upstream cylinder, nor in the hot
wire placed in the gap at this spanwise location, until the very
lowest microphone positions. As this Strouhal number value was

observed along the span for the yaw angle of a ¼ 90 deg, it is
likely that this frequency is associated with a similar flow regime;
associated with the flow over the cylinders behaving like a body
in the reattachment regime suggested by Zdravkovich [9,10], with
the shear layers from the upstream cylinder attaching to the down-
stream cylinder. Yawing the rear cylinder causes the local pitch
ratio to vary, which causes several of the established flow regimes
to occur. Between these regimes an overlap region is formed
where features of both regimes persist. Inspection of the time
series associated with the velocity and pressure signals indicate
that the flow is not bistable here and that both dominant frequen-
cies persist. These regimes are formed because of the varying S=D
ratios that cause the spacings to fall within different sections of
tandem cylinder configurations.

Figure 4 shows the normalized power spectra taken from vari-
ous microphones and the hot-wire readings just downstream of
each microphone for a ¼ 70 deg. At this yaw angle the rate of
change of the local spacing ratio increase more rapidly, ranging
from S=D ¼ 3:6 at the lowest microphone position, to S=D ¼ 4:5
in the middle portion of the cylinders, up to S=D ¼ 5:4 for the top
microphone position. For the microphones mounted near the base
of the cylinder, the spectra plots showed a broad peak correspond-
ing to a Strouhal number of St ¼ 0:189. The peak in the spectra
from both cylinders begins to narrow and shift to a higher
Strouhal number as the local spacing ratio is increased from
S=D ¼ 3:6 up to S=D ¼ 4:5, meaning the vortex shedding from
the cylinders is becoming more organized and associated with a
dominant frequency. The Strouhal number increases up to
St ¼ 0:204 which is approaching the accepted value for single
cylinders of St ¼ 0:21 [24]. The microphones mounted at the

Fig. 4 Normalized power spectra at various spanwise locations for a 5 70 deg
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highest vertical locations on each cylinder show even stronger
peaks associated with a Strouhal number of St ¼ 0:206 which is
consistent with the value reported for a single cylinder [24]. The
local spacing ratio has increased to S=D ¼ 5:4, which is within
the spacing number range of S=D ¼ 5�6 suggested by Zdravko-
vich [9,10], and likely indicates that there is distinct, classical vor-
tex shedding within the gap. The magnitudes of the downstream
spectra show significantly higher peaks than those of the
upstream, meaning that even at this yaw angle, when most of the
cylinders are spaced far enough apart to be essentially be consid-
ered separate bodies, the rear cylinder still shows the strongest
degree of vortex organization. This is all the more surprising,
when yawing a single cylinder to this angle causes the wake to
become much more disorderly [3,4,6], again suggesting that the
rear cylinder in this system would be the dominant acoustic
source.

For the yaw angle set to 60 deg, shown in Fig. 5, the smallest
local spacing ratios encountered in this geometry were found at
S=D ¼ 4:5, showing a broad peak around St ¼ 0:176. The peak
narrows as the local spacing ratio increases to S=D ¼ 6 along the
midspan of the cylinder, and the Strouhal number increases up to
St ¼ 0:198. Xu and Zhou [14] found similar Strouhal numbers
when experimenting on tandem cylinders with similar spacing
ratios and Reynolds numbers. As the local spacing continues to
increase up to S=D ¼ 7:1, the Strouhal number quickly
approaches St ¼ 0:21, which is again consistent with the generally
accepted value for single cylinders [24]. For this arrangement
only microphone readings were taken, because the larger physical

dimensions of the test model made it impractical to position the
hot wire properly.

Discussion

An illustration summarizing the results and the proposed flow
regimes is shown in Fig. 6, with the local spacings shown, and the
proposed regimes outlined on the figure itself. The respective local
S=D spacings are shown to the right of each figure. For the yaw
angle set to a ¼ 90 deg, a local spacing ratio of S=D ¼ 2 exists,
and it is thought that the shear layers separate near the rear of the
upstream cylinder and reattach near the rear of the downstream
cylinder as observed by flow visualization of tandem cylinders by
Xu and Zhou [14] and Ljungkrona and Sunden [18]. This behavior
effectively causes a larger, low frequency wake than a single cylin-
der along with a Strouhal number of St ¼ 0:151�0:153.

As the yaw angle is decreased to a ¼ 80 deg, the flow becomes
more complicated. The results indicate that are two frequencies
encountered in this arrangement depending on the local cylinder
spacing. For most spanwise locations for this configuration, the
local spacing ratio 2:7 < S=D < 3:9 is not large enough to allow
for the formation of discrete vortices within the cylinder gap. This
would account for the Strouhal number of St ¼ 0:182 along most
of the span being smaller than the established value for classical
vortex shedding from a single cylinder of St ¼ 0:21 [24]. Near the
bottom of the cylinders, where the local spacing ratio is small,
similar low frequency fluctuations are present as the tandem case
(a ¼ 90 deg). An overlap region appears to persist between the

Fig. 5 Normalized power spectra at various spanwise locations for a 5 60 deg
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two regions, where both modes of shedding are present. The
results indicate that the flow is not bistable in the overlap region
and both frequencies persist together.

A similar flow regime transition can be seen in the 70 deg yaw
angle case as well. The lowest local spacing ratio of S=D ¼ 3:6
shows a combination of flow regimes. Ranging from larger, lower
frequency wakes, with Strouhal numbers around St ¼ 0:189 associ-
ated with shear-layer reattachment or the formation of smaller
structures within the gap, to higher frequency regimes associated
with discrete vortex shedding and Strouhal numbers up to
St ¼ 0:21. The presence of multiple regimes results in a very broad
peak in the spectra. As the spacing ratio moves through the inter-
mediate regimes, with spacings around S=D ¼ 4:5, the regime
associated with smaller structures within the gap begins to domi-
nate, and the Strouhal number shifts upwards to St ¼ 0:204,
accompanied by a narrowing of the peak seen in the spectra. After
the spacing ratio passes S=D ¼ 5:4, distinct vortices are formed in
both cylinder wakes, and the Strouhal number agrees with the
established values for single cylinders St ¼ 0:21 [24]. Zdravkovich
[9,10] noted that this spacing is sufficient for classical vortex streets
to form within the gap resulting in a Strouhal number of St ¼ 0:21.

For the downstream cylinder yawed at 60 deg, the local spacing
ratios changes very rapidly, increasing from S=D ¼ 4:5 up to
S=D ¼ 7:1. Near the bottom microphone, the spacing ratio of
S=D ¼ 4:5 is not sufficient to allow discrete vortices to form in
the gap, but the shear layers are beginning to roll up. This results
in Strouhal numbers around St ¼ 0:18, a value approaching that
for a single isolated cylinder, but still having some interference
effects from the downstream cylinders. The midsection local spac-
ing values are higher, resulting in smaller structures forming
within the gap, with St ¼ 0:198. As this spacing ratio and larger,
classical vortex streets are formed within the gap [9,10].

Unlike a traditional single yawed cylinder, the angled cylinder
does not seem to support the development of high levels of turbu-
lence, in this case the angled cylinder shows the highest degree of
vortex organization. Earlier yawed cylinder works showed a
breakdown of two-dimensional flow assumptions at large yaw
angles [3,4,6], this arrangement saw strong piecewise two-
dimensional behavior. Within certain local spacing ratio ranges,
the flow can largely be treated as two dimensional. It is only
within the overlap, or transition spacing regimes, where the flow
becomes three dimensional.

Fig. 6 Comparison of flow regimes for (a) a 5 90 deg, (b) a 5 80 deg, (c) a 5 70 deg, and (d)
a 5 60 deg
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Conclusion

The vortex shedding from a tandem cylinder system with the
downstream cylinder yawed to the mean flow direction has been
investigated for various yaw angles. It was observed that the
vortex shedding can become significantly more complex due to the
change in local spacing ratios associated with yawing the down-
stream cylinder. When the local spacings are kept small, the two
cylinders behave as a single large body with a large wake resulting
in low Strouhal numbers in the range of St ¼ 0:15 to 0:176. For
the largest local spacing ratios, the two cylinders act essentially as
separate entities, with Strouhal numbers identical to those of single
cylinders, St ¼ 0:21 [15,24]. In the intermediate spacing ratios,
there can be an overlap in the flow regimes from both the small
and large spacings where both modes of vortex shedding are evi-
dent. In all cases, the downstream cylinder showed much higher
magnitudes in the spectra, meaning the vortex shedding was more
strongly organized in the wake of the downstream cylinder; this
also suggests that at low Mach numbers that the rear cylinder
should be the largest source of flow-generated noise. Particle
image velocimetry (PIV) measurements are planned to fully under-
stand the complex flow-structure interaction uncovered in this
investigation and confirm the proposed flow regimes.
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Nomenclature

D ¼ outer cylinder diameter, m
f ¼ frequency, Hz
q ¼ free stream dynamic head, 0:5qU2

1
S ¼ local center to center spacing ratio, m

St ¼ Strouhal number, fsD=U1
U1 ¼ free stream velocity, m/s

a ¼ yaw angle, deg
c ¼ azimuthal angle, deg
U ¼ normalized power spectra
q ¼ air density, kg=m

3

References
[1] Khorrami, M. R., Choudhari, M. M., Lockard, D. P., Jenkins, L. N., and

McGinley, C. B., 2007, “Unsteady Flowfield Around Tandem Cylinders as
Prototype Component Interaction in Airframe Noise,” AIAA J., 45(8), pp.
1930–1941.

[2] Fitzpatrick, J., 2003, “Flow/Acoustic Interactions of Two Cylinders in Cross-
Flow,” J. Fluids Struct., 17, pp. 97–113.

[3] Ramberg, S., 1983, “The Effects of Yaw Angle and Finite Length Upon the
Vortex Wakes of Stationary and Vibrating Circular Cylinders,” J. Fluid Mech.,
128, pp. 81–107.

[4] Snarski, S. R., 2003, “Flow Over Yawed Circular Cylinders: Wall Pressure
Spectra and Flow Regimes,” Phys. Fluids, 16, pp. 344–359.

[5] Marshall, J., 2003, “Wake Dynamics of a Yawed Cylinder,” ASME J. Fluids
Eng., 125, pp. 97–103.

[6] Hogan, J. D., and Hall, J. W., 2010, “The Spanwise Dependence of Vortex-
Shedding From Yawed Circular Cylinders,” ASME J. Pressure Vessel Technol.,
132, p. 031301.

[7] Hori, E., 1959, “Experiments on Flow Around a Pair of Parallel Circular Cylin-
ders,” Proceedings of the 9th Japan National Congress for Applied Mechanics,
pp. 231–234.

[8] Arie, M., Kiya, M., Moriya, M., and Mori, H., 1983, “Pressure Fluctuations on
the Surface of Two Circular Cylinders in Tandem Arrangement,” ASME J. Flu-
ids Eng., 105, pp. 161–167.

[9] Zdravkovich, M. M., 1977, “Review of Flow Interference Between Two Circu-
lar Cylinders in Various Arrangements,” ASME J. Fluids Eng., 99, pp.
618–633.

[10] Zdravkovich, M. M., 1987, “The Effects of Interference Between Circular Cyl-
inders in Cross Flow,” J. Fluids Struct., 1, pp. 239–261.

[11] Zdravkovich, M., 2003, Flow Around Circular Cylinders, Vol 2: Applications.
Oxford Science, Oxford.

[12] Hall, J. W., Ziada, S., and Weaver, D., 2003, “Vortex-Shedding From Single
and Tandem Cylinders in the Presence of Applied Sound,” J. Fluids Struct., 18,
pp. 741–758.

[13] Mohany, A., and Ziada, S., 2005, “Flow-Excited Acoustic Resonance of Two
Tandem Cylinders in Cross-Flow,” J. Fluids Struct., 21(1), pp. 103–119.

[14] Xu, G., and Zhou, Y., 2004, “Strouhal Numbers in the Wake of Two Inline
Cylinders,” Exp. Fluids, 37(2), pp. 248–256.

[15] Igarashi, T., 1981, “Characteristics of the Flow Around Two Circular Cylinders
Arranged in Tandem: 1st Report,” Bull. JSME, 24(188), pp. 323–331.

[16] Igarashi, T., 1984, “Characteristics of the Flow Around Two Circular Cylinders
Arranged in Tandem: 2nd Report, Unique Phenomenon at Small Spacing,”
Bull. JSME, 27(233), pp. 2380–2387.

[17] Ljungkrona, L., Norberg, C., and Sunden, B., 1991, “Free-Stream Turbulence
and Tube Spacing Effects on Surface Pressure Fluctuations for Two Tubes in
an In-Line Arrangement,” J. Fluids Struct., 5, pp. 701–727.

[18] Ljungkrona, L., and Sunden, B., 1993, “Flow Visualization and Surface Pres-
sure Measurement on Two Tubes in an Inline Arrangement,” Exp. Thermal
Fluid Sci., 6, pp. 15–27.

[19] Okajima, A., 1979, “Flows Around Two Tandem Circular Cylinders at Very
High Reynolds Numbers,” Bull. JSME, 22, pp. 504–511.

[20] Wu, J., Welch, L., Welsh, M., Sheridan, J., and Walker, G., 1994, “Spanwise
Wake Structures of a Circular Cylinder and Two Circular Cylinders in
Tandem,” Exp. Thermal Fluid Sci., 9, pp. 299–308.

[21] Lam, K., Lin, Y., Zou, L., and Liu, Y., 2012, “Numerical Simulation of Flows
Around Two Unyawed and Yawed Wavy Cylinders in Tandem Arrangement,”
J. Fluids Struct., 28, pp. 135–151.

[22] Sumner, D., 2010, “Two Circular Cylinders in Cross-Flow: A Review,” J.
Fluids Struct., 26, pp. 849–899.

[23] Hogan, J. D., and Hall, J. W., 2011, “Experimental Study of Pressure Fluctua-
tions from Yawed Circular Cylinders,” AIAA J., 49(11), pp. 2349–2356.

[24] Gerrard, J., 1955, “Measurements of the Sound From Circular Cylinders in an
Airstream,” Proc. Phys. Soc., 7, pp. 453–461.

Journal of Fluids Engineering JULY 2013, Vol. 135 / 071202-7

Downloaded From: https://fluidsengineering.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use

http://dx.doi.org/10.2514/1.23690
http://dx.doi.org/10.1016/S0889-9746(02)00091-9
http://dx.doi.org/10.1017/S0022112083000397
http://dx.doi.org/10.1063/1.1627764
http://dx.doi.org/10.1115/1.1523069
http://dx.doi.org/10.1115/1.1523069
http://dx.doi.org/10.1115/1.4000732
http://dx.doi.org/10.1115/1.3240956
http://dx.doi.org/10.1115/1.3240956
http://dx.doi.org/10.1115/1.3448871
http://dx.doi.org/10.1016/S0889-9746(87)90355-0
http://dx.doi.org/10.1016/j.jfluidstructs.2003.06.003
http://dx.doi.org/10.1016/j.jfluidstructs.2005.05.018
http://dx.doi.org/10.1007/s00348-004-0808-0
http://dx.doi.org/10.1299/jsme1958.24.323
http://dx.doi.org/10.1299/jsme1958.27.2380
http://dx.doi.org/10.1016/0889-9746(91)90364-U
http://dx.doi.org/10.1016/0894-1777(93)90037-J
http://dx.doi.org/10.1016/0894-1777(93)90037-J
http://dx.doi.org/10.1299/jsme1958.22.504
http://dx.doi.org/10.1016/0894-1777(94)90032-9
http://dx.doi.org/10.1016/j.jfluidstructs.2011.08.012
http://dx.doi.org/10.1016/j.jfluidstructs.2010.07.001
http://dx.doi.org/10.1016/j.jfluidstructs.2010.07.001

	cor1
	l
	F1
	F2
	F3
	F4
	F5
	F6
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24

