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Characteristics of Turbulent
Wakes Generated by Twin
Parallel Cylinders
This research aims to study the characteristics of the wake generated by twin cylinders.
The cylinders are arranged in parallel side-by-side and staggered arrangements. The
mainstream velocity is varied between 18 m/s and 20 m/s, which are equivalent to cylin-
der Reynolds numbers between 4750 and 5300. The cross-stream spacing ratios are 2, 3,
4, and 6 times the cylinder’s diameter for the side-by-side arrangements. For the stag-
gered arrangement, the cross-stream and streamwise spacing were varied between 2 and
4 times the cylinder diameter. The results show that the spacing ratio s/d has a significant
effect on the wake development and interactions. The wakes of the side-by-side cylinders
tend to merge into a single wake for cross-stream spacing of 2d and 3d at early stations,
equivalent to 15 and 30 times the cylinder diameter, respectively, and merge completely
at 50 and 100 times the cylinder diameter for 4d and 6d, respectively. Velocity measure-
ments are used to develop a correlation that relates the wake merging distance to the cyl-
inder spacing. Turbulence measurements are used to develop a correlation between the
turbulence intensity and the streamwise distance. The comprehensive survey of the results
and the correlations developed are provided in order to facilitate numerical model devel-
opment and evaluation. [DOI: 10.1115/1.4007889]
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1 Introduction

The turbulent wakes generated by two or more parallel cylin-
ders have drawn considerable attention due to their importance in
many engineering applications. Turbulent wakes are found behind
tube bundles in heat exchangers, fuel and control guide rods in
nuclear reactors, piers and bridge pilings, oil and gas pipelines,
offshore structures, cooling tower arrays, chimney stacks, suspen-
sion bridges, and high-rise buildings [1]. In order to understand
the flow behavior over such structures, it is necessary to under-
stand the flow behavior over a single cylinder and then over cylin-
ders in side-by-side and staggered arrangements.

The flow around a circular cylinder is one of the most widely
studied and reported cases in the open literature. The coefficient
of pressure, the shear [2] and drag forces [3], and the shedding of
Karman vortices [4] and associated flow instabilities and vibra-
tions are some of the areas studied for this basic configuration.

The flow field downstream of two cylinders differs significantly
from the flow field behind a single cylinder. Understanding flow
around a single bluff body, however, is not sufficient to under-
standing the interactions between cylinders in the various configu-
rations [5] that are encountered in practice. The addition of a
second cylinder causes a change in the flow behavior and vortex
shedding and, consequently, a change in the forces acting upon
the cylinders. There is also a wealth of research on the flow
behavior of cylinders in side-by-side [5–14], in tandem (one
behind the other) [15,16], and in staggered arrangements [17–21].

The flow behavior of turbulent wakes behind parallel cylinders
is sensitive to several parameters, including the Reynold’s num-
ber, the turbulence intensity of the free stream, and the spacing

between cylinders. Research into this kind of flow has largely
focused on the Strouhal map, the pressure, and the mean and fluc-
tuating lift and drag coefficients, measured in the vicinity of the
cylinders [6–11]. However, data in the downstream wake region is
limited. Furthermore, little work has been directed towards the
interaction region between the generated wakes, the merging char-
acteristics, and the fluid mixing downstream from the cylinders.

Zhou et al. [1] examined the wakes generated by two and three
cylinders arranged side-by-side with transverse spacing between
cylinders of 1.5 and 3 hole diameters. They concluded that the
interaction between simple wakes for s/d¼ 3, though relatively
weak, is not negligible in terms of the second- and higher-order
velocity products. As s/d is reduced to 1.5, they found that the
cross-stream distribution of the Reynolds normal stresses is
skewed and the skew direction appears to be arbitrary. This obser-
vation is consistent with the bistable gap flow deflection behind
side-by-side cylinders. On the contrary, the cross-stream distribu-
tion of the Reynolds shear stress remains asymmetric.

Zdravkovich [6] divided the possible regions where a second
cylinder can be placed in the wake of a first cylinder into four
regions, according to the nature of the flow interference that takes
place due to the position of the second cylinder (see Fig. 1). These
regions are:

• The proximity interference region: where the two cylinders
are near each other so that the flow over both of them is
affected by the existence of the other cylinder.

• The wake interference region: where the upstream cylinder is
not affected by the existence of the other cylinder. The down-
stream cylinder is in the wake of the upstream cylinder.

• The wake and proximity interference region: where the
downstream cylinder is in the wake of the upstream cylinder
and, at the same time, close enough to affect the flow over
the upstream cylinder.

• The region of no interference: where there is no interference
between the flows over both of the cylinders.
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In a side-by-side arrangement, the plane passing through the
two cylinder centers is perpendicular to the mean stream velocity
direction. The flow interference can be divided according to the
separation between the two cylinders as follows [6,7]:

• 1< s/d< 1.2: The spacing is small. A single vortex street is
formed downstream and the two cylinders behave like a sin-
gle bluff body with a base bleed in the gap between them.

• 1.2< s/d< 2.2: A narrow and wide wake will form with
bistable biased jet flow divided between them and, hence, the
wide and narrow wake can intermittently exchange between
the two cylinders.

• 2.2< s/d< 5: When the spacing is further increased, the vor-
tex shedding frequencies from the two cylinders become the
same. Vortex streets are coupled in an out-of-phase mode,
i.e., simultaneously shed on the gap side and then on the outer
sides. The coupling gradually decreases and finally disap-
pears beyond an s/d of about 4.

Zhou et al. [1] evaluated the hypothesis, posed by Bradshaw
et al. [22], that the flow behavior of multicylinder wakes could be
predicted by the superposition of the experimental data of a single
cylinder wake. Their conclusions resulted in a confirmation of the
fact that the mean velocity fields and the Reynolds shear stress of
multicylinder wakes can be predicted using superposition. How-
ever, significant discrepancies between the measurements and
superposition calculations exist for the Reynolds normal stresses
and third order velocity products. This change in the turbulence
structure was attributed to the gap flow deflection along with the
nonlinear interactions between simple wakes.

Shiau [13] studied the effect of the free stream turbulence inten-
sity on the development of the mean velocity profile in the wake
of side-by-side cylinder arrangements. The experiments were con-
ducted in an open suction type wind tunnel and the Reynolds
number, based on the cylinder diameter, was about 3� l03. The
vortex shedding frequency behind the cylinders, which was
detected by a hot wire, was found to decrease with increasing tur-
bulence intensity. Measurements revealed that a stronger free
stream turbulence intensity increases the growth of the separated
shear layer through enhanced entrainment of the fluid from the
near wake and external flow.

Zhang and Melbourne [10] presented experimental results on
the flow interference between two cylinders arranged side-by-
side. Their results showed that free stream turbulence could
significantly affect flow interference. It is believed that when the
turbulence intensity is increased, the interference mechanism
changes from that controlled by the interaction of the separated
shear layers and shed vortices to that controlled by the interaction
between the distorted local turbulence and the cylinder boundary
layers.

In the staggered cylinders arrangement, two flow regimes can
exist [6]:

1. The vortex streets are formed in the narrow wake behind the
front cylinder and in the wide wake behind the downstream
cylinder with a high and low frequency of vortex shedding.

2. When the transverse spacing is sufficiently small, the vortex
shedding behind the front cylinder is suppressed and a strong
gap flow induces a large transverse component of force on
the two cylinders.

A large amount of research has been carried out on single
cylinders. The two side-by-side cylinders flow has also received
considerable attention in the open literature. There have also been
arrays of four cylinders which further attempt to represent the
complexity of tube bundle geometry [23]. Sumner [24] recently
reviewed the literature for the past 20 years on two circular cylin-
ders in tandem, in-line, and staggered arrangements; although the
research is vast, research questions remain. Recent papers on the
effect of the Reynolds number on wake unsteadiness [25] are fur-
ther evidence that this seemingly simple problem of a cylinder in
crossflow continues to deserve attention and pose research ques-
tions. Sumner categorizes the research on twin cylinders into three
areas: one is experimental measurement, the second is flow visual-
ization, and the third is numerical studies. The bulk of the experi-
mental measurements are force, pressure, and Strouhal data; there
is far fewer data on the turbulence field in the wake of the cylin-
ders. Within the last ten years, there has been an increased effort
to model the flows numerically using large eddy simulation [23]
and Reynolds-averaged Navier–Stokes solvers.

The major purpose of the present work is to experimentally
study the characteristics of turbulent wakes behind parallel cylin-
ders in side-by-side and staggered configurations and provide a
comprehensive data set for the numerical model development and
validation. Furthermore, the data has been correlated in order to
provide simple empirical relations for predicting the turbulence
intensity and merging distance downstream of the cylinder
arrangement as a function of the streamwise distance and cylinder
spacing.

2 Experimental Apparatus

The wind tunnel used in the experiments is an open circuit suc-
tion type wind tunnel. Figure 2 shows the wind tunnel [26]. It con-
sists of an inlet section, a test section, a diffuser, an acoustic
silencer, and an axial fan driven by a variable speed AC motor.

The intake of the wind tunnel is a square section (0.95 m
� 0.95 m) made of fiberglass. It contains a honeycomb and two
aluminum screens to straighten the flow. This is followed by a
contraction with an area ratio of (9.5:1). This arrangement pro-
vides low turbulence intensity (below 0.5%) at the inlet of the test
section.

The test section is a square cross section (0.305� 0.305) m that
is 0.60 m in length. It is made of transparent sides, top, and bot-
tom. The top sheet has a centerlined slot opening extending along
the test section length in the flow direction; this opening is used to
insert the measuring probe carrying the hot wire anemometer
inside the tunnel.

The test model consists of two circular cylinders 4 mm in diam-
eter which made of solid brass bars. The cylinders are fixed in the
center of the test section with their axes perpendicular to the main-
stream flow. The cylinders are arranged to simulate side-by-side
and staggered arrangements, as shown in Fig. 3. The blockage
ratio of the cylinders in the tunnel is 2.62% and is unlikely to
cause a significant blockage effect in the present study [27].

The hot wire system used in the present study consists of a hot
wire probe (Dantec model 55 P01), a CTA bridge unit, an auto-
matic traverse system, an analog–digital converter, and software
and a PC used for data storage and control.

The hot wire probe is calibrated using a Dantec 92D190
calibration facility. This facility has a low turbulence variable

Fig. 1 Classification of interference regions [6]
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speed air source. The flow velocity ranges from 1 to 50 m/s, with
a background turbulence level of less than 0.1%. A fourth order
polynomial is used to relate the voltage across the wire to the
measured velocity from the calibration data.

3 Results and Discussion: Side-By-Side Cylinders

Figure 4 shows the flow configuration for side-by-side cylin-
ders. The axial distance (x) is measured from the line joining the
centers of the two cylinders, while the cross-stream distance (y) is
measured from the midpoint of the line joining the centers. To
investigate the effect of the transverse spacing (s) between the
twin cylinders on the mean velocity and the turbulence intensity,
the transverse spacing was varied. Four values of s/d were consid-
ered: s/d¼ 2, 3, 4, and 6. In this configuration, two wakes form
behind the cylinders, as shown in Fig. 4. The characteristic veloc-
ity scale of each wake is represented by the difference between
the free stream velocity and the minimum velocity inside the

wake. The length scale of the parallel wakes, y1/2 is proposed to
be the distance between the points where the velocity defect in the
outer wakes is half of it’s maximum value.

3.1 Mean Velocity Measurements. Figures 5–8 show the
measured cross-stream distribution of the mean velocity at
x/d¼ 10, 20, 30, and 50 for the four cases considered. The figures
also include, for reference, the velocity distribution for a single
cylinder at the same streamwise locations. The measured mean
streamwise velocity (U) is normalized using the free stream veloc-
ity (U1) and the cross-stream distance (y) is normalized using the
cylinder diameter (d).

Figure 5 shows the mean velocity profiles at a distance of 10
diameters from the center of the cylinder. The figure shows two

Fig. 3 Flow geometry: the side-by-side arrangement (top), and
the staggered arrangement (bottom)

Fig. 4 Flow characteristics for the side-by-side arrangement

Fig. 5 Mean velocity profiles for side-by-side cylinders at x/
d 5 10

Fig. 2 Wind tunnel apparatus [26]

Journal of Fluids Engineering DECEMBER 2012, Vol. 134 / 121201-3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/134/12/121201/6186592/fe_134_12_121201.pdf by Princeton U

niversity, Lam
yaa El-G

abry on 10 July 2022



distinct wakes for the four spacings considered. For s/d¼ 2 and 3,
the velocity profiles significantly differ from that of the single
cylinder. For s/d¼ 4, the wakes appear to have started merging;
the velocity at the midplane between the two cylinders starts
decreasing from the free stream value. Since the velocity profiles
are normalized by the free stream value, merging then corre-
sponds to the midplane velocity ratio dropping below unity. The
velocity at the midplane continues decreasing as the wakes con-
tinue to merge. For s/d¼ 6, the velocity at the midplane is equal
to the free stream velocity at x/d¼ 10.

The location of the minimum velocity for all cases approxi-
mately coincides with the location of the cylinders that generated
the wakes. For example, for s/d¼ 6, the minimum velocity is
observed at y/d¼63. Similarly, for s/d¼ 4, the minimum veloc-
ity approximately corresponds to y/d¼62. At x/d¼ 20, shown in
Fig. 6, only the wakes corresponding to s/d¼ 6 appear to be sepa-
rate wakes. The wakes in the other three cases are still merging at
this location. This behavior persists up to x/d¼ 50, where the
wakes for s/d¼ 6 start to merge. For s/d¼ 2 complete merge,
where a single wake profile appears, is observed at x/d¼ 20. For
s/d¼ 3 the complete merge is clearly reached at x/d¼ 50. At
x/d¼ 50, as shown in Fig. 8, the s/d¼ 4 case has not completely
merged. For s/d¼ 6, the wakes are still merging at this location.

The mean velocity measurements have clearly shown that the
behavior of the wakes does not abide by the superposition princi-
ple, proposed by Bradshaw et al. [22] and considered by Zhou
et al. [1], for s/d< 6. This applies for all stations downstream of
the cylinders investigated in the present work. For s/d¼ 6, how-
ever, the velocity profiles are similar to that of a single wake pro-
file separated by a distance equal to the cylinders’ spacing.

Figure 9 shows the streamwise development of the wake half
width, as defined in Fig. 4. The figure also includes the measure-
ments for the single cylinder case for reference. The half width of
the full wake is strongly dependent on the spacing ratio s/d; the
greater the spacing ratio, the larger the wake width. For s/d¼ 6,
the half width reaches a value of 10 diameters at x/d� 100. This
value is nearly 6 for s/d¼ 2 and approximately 7.5 for s/d¼ 4, at
the same axial location x/d¼ 100. This indicates that the side-by-
side cylinder wake can still be considered as a thin shear flow,
even for s/d as high as 6, since the lateral flow width is less than
the streamwise length scale by one order of magnitude.

If the spacing ratio is subtracted from the half width ratio, the
results for all cases become more representative of a thin
shear flow, as shown in Fig. 10. In this figure, the development of
(y1/2� s)/d is plotted with x/d on a logarithmic scale. The trend
of all cases follows that of a single cylinder wake, also shown in
Fig. 10 (�x1/2). This is similar to the asymptotic behavior of sin-
gle cylinder wakes in which the cross-stream length scale also
varies with x1/2 [28,29].

Fig. 6 Mean velocity profiles for side-by-side cylinders at
x/d 5 20

Fig. 7 Mean velocity profiles for side-by-side cylinders at
x/d 5 30

Fig. 8 Mean velocity profiles for side-by-side cylinders at
x/d 5 50

Fig. 9 Streamwise variation of the wake half width for the side-by-side cylinders
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Figure 11 shows the measured variation of the mean velocity
on the midplane of the wakes; this is the line of symmetry
between the two cylinders (y¼ 0). When the spacing between the
cylinders is large (s/d¼ 6), the velocity equals the free stream
velocity and remains constant for some distance, after which it
starts to decrease as the two wakes merge. For smaller spacings,
the midplane velocity can be seen to be decreasing as early as
x/d¼ 5. After complete the merge of the wakes, the centerline
velocity starts increasing as momentum is transferred to this
region. This behavior may be used to estimate the merging dis-
tance for each of the test cases considered in this study. The loca-
tion at which the centerline velocity starts to increase is extracted
from Fig. 11 for different s/d values. Figure 12 shows the correla-
tion obtained for the merging distance xm/d as a function of spac-
ing s/d.

The results show that the relationship between the merging dis-
tance and spacing is linear, as is expressed by Eq. (1)

xm=d ¼ 21:85�s=d � 30:7 (1)

This relation is a curve-fit of the data and is valid for in-line cylin-
ders spaced at distances ranging from 2 to 6 cylinder diameters, as
shown in Fig. 12.

3.2 Turbulence Measurements. Turbulence measurements
carried out for the side-by-side twin cylinder wakes are presented
in Figs. 13–16 at the same axial locations as the mean velocity
measurements. Figure 13 shows the turbulence intensity profiles
at x/d¼ 10. In Fig. 13(a), the turbulence intensity profiles for
s/d¼ 2 and 3 are clearly wider than the corresponding single cyl-
inder wake profile. Both cases have an off axis peak roughly equal
in magnitude as that of the single cylinder wake. For s/d¼ 4 and

6, as shown in Fig. 13(b), the two wakes are clearly separated and
merging for s/d¼ 4. Further downstream at x/d¼ 20, as shown in
Fig. 14, the same trends are observed. The turbulence intensity
decreases substantially to nearly 50% of the levels measured at
x/d¼ 10.

At x/d¼ 30, the wake corresponding to s/d¼ 2 shows the high-
est turbulence intensity compared to the other cases, including
the single cylinder. This trend continues further downstream, at
x/d¼ 50. At x/d¼ 30 and 50, the turbulence field appears to be
wider than the momentum field since the turbulence intensity pro-
files do not fall to the free stream values within the measurement
zone (y/d¼66), especially for s/d¼ 4 and 6.

The maximum streamwise intensity at each streamwise location
was extracted from the previous figures and plotted against the
streamwise coordinate on a logarithmic scale, as shown in Fig. 17.
The data approximately correlate with a decay exponent of (�1)
(u2

max� x�1), which is also similar to the asymptotic behavior of
the single cylinder wake estimated by the similarity solution and
confirmed by measurements [29].

Fig. 10 Streamwise variation of the wake half width for the
side-by-side cylinders

Fig. 11 Streamwise variation of the wake centerline velocity
for the side-by-side cylinders

Fig. 12 Correlation between the merging distance and the
spacing ratio for the side-by-side cylinders

Fig. 13 Turbulence intensity profiles for side-by-side cylinders
at x/d 5 10
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4 Results and Discussion: Staggered Cylinders

In this section, the measurements in the wake formed behind
two staggered cylinders are introduced. Figure 3 shows the geom-
etry and spacing definitions for the staggered arrangement. The
axial distance (x) is measured from the center of the downstream
cylinder, while the cross-stream distance (y) is measured from the
midplane between the two cylinders. Therefore, the upstream cyl-
inder lies in the negative y zone (the lower side), while the down-
stream cylinder is located in the positive y zone (the upper side).

To investigate the combined effect of the streamwise spacing
(L) and cross-stream spacing (s) on the mean velocity and the tur-
bulence intensity, two values of the cross-stream spacing were
considered: s/d¼ 2 and s/d¼ 4; for each case, two values of
streamwise spacing were used: L/d¼ 2 and 4.

For s/d¼ 2 and L/d¼ 2, the flow regime corresponds to that of
the proximity region of the two cylinders where the two cylinders
are near each other so that the flow over both of them is affected
by the existence of the other cylinder (see Fig. 1). For s/d¼ 2 and
L/d¼ 4, the flow regime is at the boundary of the wake interfer-
ence region, where the downstream cylinder is in the wake of the
upstream cylinder. For s/d¼ 4 and L/d¼ 2 and 4, the flow regime
is outside the proximity and the wake interference regions.

4.1 Mean Velocity Measurements. Figures 18–21 show the
measured cross-stream distribution of mean streamwise velocity
downstream of the cylinders for s/d¼ 2 and L/d¼ 2 and 4. The
figures show that the mean velocity profiles are nonsymmetric at
all stations. Beyond the inner zone (y/d¼61), a higher momen-
tum can be observed in the positive y zone corresponding to the
upper cylinder wake, which lies downstream of the lower cylin-
der. The two wakes are only distinguished at x/d¼ 10. Further

Fig. 14 Turbulence intensity profiles for side-by-side cylinders
at x/d 5 20

Fig. 15 Turbulence intensity profiles for side-by-side cylinders
at x/d 5 30

Fig. 16 Turbulence intensity profiles for side-by-side cylinders
at x/d 5 50

Fig. 17 Streamwise variation of the maximum turbulence in-
tensity for side-by-side cylinders
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downstream, the combined wake is spreading more into the lower
part than the upper part of the flow. This indicates that the
wake has spread faster in the lower part where the wake started.
At x/d¼ 30, as shown in Fig. 20, the two wakes have clearly

merged and the minimum velocity is offset from the midplane
between the cylinders. The offset is towards the lower side where
the first wake is formed. The same trend can be seen at x/d¼ 50,
as shown in Fig. 21.

Figures 22–25 show the measured mean velocity profiles for
s/d¼ 4 and L/d¼ 2 and 4. In this case, the two wakes are clearly

Fig. 19 Mean velocity profiles, staggered cylinders, s/d 5 2,
L/d 5 2 and 4, x/d 5 20

Fig. 20 Mean velocity profiles, staggered cylinders, s/d 5 2,
L/d 5 2 and 4, x/d 5 30

Fig. 21 Mean velocity profiles, staggered cylinders, s/d 5 2,
L/d 5 2 and 4, x/d 5 50

Fig. 22 Mean velocity profiles, staggered cylinders, s/d 5 4,
L/d 5 2 and 4, x/d 5 10

Fig. 23 Mean velocity profiles, staggered cylinders, s/d 5 4,
L/d 5 2 and 4, x/d 5 20

Fig. 24 Mean velocity profiles, staggered cylinders, s/d 5 4,
L/d 5 2 and 4, x/d 5 30

Fig. 25 Mean velocity profiles, staggered cylinders, s/d 5 4,
L/d 5 2 and 4, x/d 5 50

Fig. 18 Mean velocity profiles, staggered cylinders, s/d 5 2,
L/d 5 2 and 4, x/d 5 10
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distinguished as far downstream as x/d¼ 50. The profiles are
asymmetric about the midplane between the two cylinders. The
upper wake (y> 0) is clearly less developed than the lower wake
(y< 0). At x/d¼ 50, the two wakes are very close to merging for
both L/d¼ 2 and L/d¼ 4.

Figure 26 shows the measured variation of the wake half width
with x/d for staggered cylinder wakes, compared with the single
cylinder wake as a reference case. The figure shows a similar
behavior to that measured for side-by-side cylinder wakes, as
shown in Fig. 9. For s/d¼ 2, increasing the spacing ratio L/d from
2 to 4 results in a wider wake. This behavior is less pronounced
for s/d¼ 4 where increasing the spacing ratio L/d from 2 to 4
results in a slightly narrower wake.

An examination of Fig. 1 shows that for s/d¼ 2, the flow out-
side the upstream cylinder impinges on the downstream cylinder
at an angle. This angle increases for L/d¼ 4 compared to that for
L/d¼ 2, which causes the formation of a wider wake.

For s/d¼ 4, increasing L/d does not affect the impingement
angle of the flow on the downstream cylinder since the separation
in the cross-stream direction is high enough and does not allow
interaction of the two flows (see Fig. 1).

The variation of (y1/2� s)/d with x/d for staggered cylinders is
shown in Fig. 27. Similar to the side-by-side cylinders’ wake
(L/d¼ 0), the data correlates well with (x/d)1/2, which is also
shown in Fig. 27.

Figure 28 shows the measured variation of the center-plane
velocity for the staggered cylinder wake. The results are similar to
those for L/d¼ 0. The merging distance is the point where the
center-plane velocity starts to increase; for s/d¼ 2, the merging
distance is very close to that of the side-by-side cylinder arrange-
ment with a shift in the axial direction equal to L/d.

4.2 Turbulence Measurements. Figures 29–32 show the
measured cross-stream distribution of the turbulence intensity for
s/d¼ 2 and L/d¼ 2 and 4 at different streamwise locations. All
figures include the measurements for a single cylinder wake for
reference.

In Fig. 29, the turbulence intensity profiles show two peaks. For
L/d¼ 2, the higher peak lies in the upper wake zone. For L/d¼ 4,
the higher peak lies in the lower wake zone. The difference
between the peaks becomes smaller as the flow develops. At
x/d¼ 50, the two peaks are nearly equal in magnitude and the
upper and lower wakes appear to have completely merged.

Figures 33–36 show the measured cross-stream distribution of
turbulence intensity for s/d¼ 4. In this case, each wake has two
peaks of turbulence intensity. Since the separation distance s/d is
high, each wake behaves similarly to a single wake where velocity
gradients reverse and allow for twin peaks of turbulence intensity.
The peak values for the upper side cylinder wakes are higher since
this wake is less developed than the lower side wake due to the
separation distance in the streamwise direction. For L/d¼ 2,
the difference between turbulence levels on both sides of the
midplane (y/d¼ 0) is smaller than that observed for L/d¼ 4. The

Fig. 26 Streamwise variation of the wake half width for the
staggered cylinders

Fig. 27 Variation of the half width for the staggered cylinders

Fig. 28 Streamwise variation of the center-plane velocity for
the staggered cylinders

Fig. 29 Turbulence intensity profiles for staggered cylinders
for s/d 5 2 at x/d 5 10

Fig. 30 Turbulence intensity profiles for staggered cylinders
for s/d 5 2 at x/d 5 20
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turbulence levels for the upper side wake are very close to those
of the single cylinder wake. As the flow develops further down-
stream, only two peaks of turbulence intensity remain in the flow.
The peak on the upper side (y/d> 0) remains higher than the peak

on the lower side. At x/d¼ 50, the two peaks become higher than
that of the single cylinder wake.

Figure 37 shows the measured variation of the maximum
streamwise turbulence intensity with x/d. The results for the

Fig. 31 Turbulence intensity profiles for staggered cylinders for s/d 5 2 at x/d 5 30

Fig. 32 Turbulence intensity profiles for staggered cylinders
for s/d 5 2 at x/d 5 50

Fig. 33 Turbulence intensity profiles for staggered cylinders
s/d 5 4 at x/d 5 10

Fig. 34 Turbulence intensity profiles for staggered cylinders
s/d 5 4 at x/d 5 20

Fig. 35 Turbulence intensity profiles for staggered cylinders
s/d 5 4 at x/d 5 30

Fig. 36 Turbulence intensity profiles for staggered cylinders
s/d 5 4 at x/d 5 50

Fig. 37 Streamwise variation of the maximum turbulence in-
tensity for the staggered cylinders
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staggered cylinders are very close to those for nonstaggered cylin-
ders (L/d¼ 0).

5 Conclusions

This paper presents the measurements in two parallel cylinder
wakes. The wakes were arranged in a side-by-side arrangement
and in a staggered arrangement. The spacing ratio between the
cylinders in the cross-stream direction was varied between 2 and 6
cylinder diameters. The staggered arrangement was realized by
displacing the upper cylinder in the streamwise direction by a dis-
tance L. Two values of L/d were used: 2 and 4. The measurements
in all cases were performed up to x/d¼ 100. The results showed
that the spacing ratio s/d has a significant effect on the wake
development and interaction. A correlation between the merging
distance and the spacing ratio was developed based on the mean
velocity measurements; the merging distance appears to vary line-
arly with the cylinder spacing. Turbulence measurements showed
the strong influence of the spacing ratio on the profiles of turbu-
lence intensity. The maximum turbulence intensity follows the
asymptotic behavior of single wakes even during the merging
process of the two wakes. Staggering of the parallel cylinders had
little effect on the turbulence decay rate. However, the detailed
profiles downstream of the cylinders are affected by the staggering
before the merging position.

The measurement data for the velocity and turbulence intensity
is presented for the complete data set in order to provide a test val-
idation for future numerical and analytical model development.

Nomenclature

d ¼ diameter of the cylinder
Re ¼ Reynolds number based on cylinder diameter and inlet

conditions
s ¼ transverse spacing between cylinders

U ¼ freestream velocity
x ¼ axial distance from the center of the cylinder
y ¼ cross-stream distance from the midpoint between centers

References
[1] Zhou, Y., So, R. M. C., Liu, M. H., and Zhang, H. J., 2000, “Complex Turbu-

lent Wakes Generated by Two and Three Side-by-Side Cylinders,” Int. J. Heat
Fluid Flow, 21, pp. 125–133.

[2] Griffin, O. M., 1985, “Vortex Shedding From Bluff Bodies in a Shear Flow: A
Review,” ASME J. Fluids Eng., 107, pp. 298–306.

[3] Kwon, T. S., Sung, H. J., and Hyun, J. M., 1992, “Experimental Investigation of
Uniform-Shear Flow Past a Circular Cylinder,” ASME J. Fluids Eng., 114, pp.
457–460.

[4] Kiya, M., Tamura, H., and Arie, M., 1980, “Vortex Shedding From a Circular
Cylinder in Moderate-Reynolds-Number Shear Flow,” J. Fluid Mech., 141, pp.
721–735.

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

[6] Zdravkovich, M. M., 1984, “Classification of Flow-Induced Oscillations of
Two Parallel Circular Cylinders in Various Arrangements,” Vibration of Arrays
of Cylinders in Cross Flow, Symposium on Flow-Induced Vibrations, Vol. 2.

[7] Bearman, P. W., and Wadcock, A. J., 1973, “The Interaction Between a
Pair of Circular Cylinders Normal to a Stream,” J. Fluid Mech., 61, pp.
499–511.

[8] Eid, M., 2004, “Vortex Shedding From Single and Tandem Finned Cylinders,”
M.Sc. thesis, McMaster University, Hamilton, ON, Canada.

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

[10] Zhang, H., and Melbourne, W. H., 1991, “Interference Between Two Circular
Cylinders for Side-by-Side Arrangement,” Proceedings of the Australian Wind
Engineering Workshop, Hunter Valley, New South Wales.

[11] Sumner, D., Wong, S. S. T., Price, S. J., and Paı̈doussis, M. P., 1999, “Fluid
Behaviour of Side-by-Side Circular Cylinders in Steady Cross-Flow,” J. Fluids
Struct., 13, pp. 309–338.

[12] Zhou, Y., Zhang, H. J., and Yiu, M. W., 2002, “The Turbulent Wake of Two
Side-by-Side Circular Cylinders,” J. Fluid Mech., 458, pp. 302–332.

[13] Shiau, B.-S., 1996, “Experimental Study of Turbulence Intensity Effect on the
Mean Flow Behind Two Cylinders in Side-by-Side Arrangement,” Proceedings
of the 6th International Symposium on Flow Modeling and Turbulence Meas-
urements, Florida, pp. 151–158.

[14] Wang, Z., and Zhou, Y., 2005, “Vortex Interactions in a Two Side-by-Side
Cylinder Near-Wake,” Int. J. Heat Fluid Flow, 26, pp. 362–377.

[15] Mizushima, J., and Suehiro, N., 2005, “Instability and Transition of Flow Past
Two Tandem Circular Cylinders,” Phys. Fluids, 17, p. 104107.

[16] Tasaka, Y., Kon, S., Schouveiler, L., Le Gal, P., 2006, “Hysteretic Mode
Exchange in the Wake of Two Circular Cylinders in Tandem,” Phys. Fluids, 18,
p. 084104.

[17] Kiya, M., Arie, M., Tamura, H., and Mori, H., 1980, “Vortex Shedding From
Two Circular Cylinders in Staggered Arrangement,” ASME J. Fluids Eng., 102,
pp. 166–173.

[18] Sumner, D., and Richards, M. D., 2003, “Some Vortex Shedding Characteristics
of the Staggered Configuration of Circular Cylinders,” J. Fluids Struct., 17, pp.
345–350.

[19] Sumner, D., and Richards, M. D., 2003, “Vortex Shedding From Two Circular
Cylinders in a Staggered Arrangement,” Proceedings of FEDSM’03, 4th
ASME/JSME Joint Fluids Engineering Conference, Honolulu, HI, July 6–11,
Paper No. FEDSM2003-45519.

[20] Sumner, D., Price, S. J., and Paıdoussis, M. P., 2000, “Flow-Pattern Identifica-
tion for Two Staggered Circular Cylinders in Cross-Flow,” J. Fluid Mech., 411,
pp. 263–303.

[21] Akosile, O., and Sumner, D., 2003, “Staggered Cylinders Immersed in a Uni-
form Planar Shear Flow,” J. Fluids Struct., 18, pp. 613–633.

[22] Bradshaw, P., Dean, R. B., and McEligot, D. M., 1973, “Calculations of Inter-
acting Turbulent Shear Layers: Duct Flow,” ASME J. Fluids Eng., 95, pp.
214–219.

[23] Lam, K., and Zou, L., 2009, “Experimental Study and Large Eddy Simulation
for the Turbulent Flow Around Four Cylinders in an In-Line Square Configu-
ration,” Int. J. Heat Fluid Flow, 30, pp. 276–285.

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

[25] Zhou, Y., Feng, S., Alam, M., and Bai, H., 2009, “Reynolds Number Effect on
the Wake of Two Staggered Cylinders,” Phys. Fluids, 21, p. 125105.

[26] Abouelfetouh, T. N., 2009, “Experimental Investigation of Flow Characteristics
Behind Twin Cylinders,” M.Sc. thesis, Faculty of Engineering, Ain Shams Uni-
versity, Cairo, Egypt.

[27] Saathoff, P. J., and Melbourne, W. H., 1987, “Free Stream Turbulence and
Wind Tunnel Blockage Effects on Streamwise Surface Pressures,” J. Wind
Eng. Ind. Aerodyn., 26, pp. 255–270.

[28] Townsend, A., 1956, The Structure of Turbulent Shear Flows, Cambridge Uni-
versity Press, Cambridge, England.

[29] Tennekes, H., and Lumley, J. L., 1972, A First Course in Turbulence, MIT
Press, Cambridge, MA.

121201-10 / Vol. 134, DECEMBER 2012 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/134/12/121201/6186592/fe_134_12_121201.pdf by Princeton U

niversity, Lam
yaa El-G

abry on 10 July 2022

http://dx.doi.org/10.1016/S0142-727X(99)00077-6
http://dx.doi.org/10.1016/S0142-727X(99)00077-6
http://dx.doi.org/10.1115/1.3242481
http://dx.doi.org/10.1115/1.2910053
http://dx.doi.org/10.1017/S0022112080001899
http://dx.doi.org/10.1115/1.3448871
http://dx.doi.org/10.1017/S0022112073000832
http://dx.doi.org/10.1299/jsme1958.24.323
http://dx.doi.org/10.1006/jfls.1999.0205
http://dx.doi.org/10.1006/jfls.1999.0205
http://dx.doi.org/10.1017/S0022112002007887
http://dx.doi.org/10.1016/j.ijheatfluidflow.2004.10.006
http://dx.doi.org/10.1063/1.2104689
http://dx.doi.org/10.1063/1.2227045
http://dx.doi.org/10.1115/1.3240637
http://dx.doi.org/10.1016/S0889-9746(02)00145-7
http://dx.doi.org/10.1115/FEDSM2003-45519
http://dx.doi.org/10.1017/S0022112099008137
http://dx.doi.org/10.1016/j.jfluidstructs.2003.07.014
http://dx.doi.org/10.1115/1.3446990
http://dx.doi.org/10.1016/j.ijheatfluidflow.2009.01.005
http://dx.doi.org/10.1016/j.jfluidstructs.2010.07.001
http://dx.doi.org/10.1016/j.jfluidstructs.2010.07.001
http://dx.doi.org/10.1063/1.3275846
http://dx.doi.org/10.1016/0167-6105(87)90005-5
http://dx.doi.org/10.1016/0167-6105(87)90005-5

	s1
	cor1
	l
	s2
	F1
	s3
	s3A
	F3
	F4
	F5
	F2
	F6
	F7
	F8
	F9
	E1
	s3B
	F10
	F11
	F12
	F13
	s4
	s4A
	F14
	F15
	F16
	F17
	F19
	F20
	F21
	F22
	F23
	F24
	F25
	F18
	s4B
	F26
	F27
	F28
	F29
	F30
	F31
	F32
	F33
	F34
	F35
	F36
	F37
	s5
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27
	B28
	B29

