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ABSTRACT

This investigation reports on the flow behavior of, and the resulting forces on, two roughened cylinders in the postcritical regime.
Specifically, two cylinders of the same surface roughness of ks=D ¼ 1:9� 10�3, placed apart at a cross-stream pitch (separation) of
1:18 � L=D � 6, are studied at a postcritical Reynolds number of 3� 105 using unsteady pressure measurements. The two cylinders behave
nearly independently at L=D ¼ 6 and the forces on them are the same within experimental uncertainty until the pitch ratio is reduced to
L=D ¼ 2:25. The gap flow between the two cylinders becomes biased at L=D � 2, with the bias well correlated across the span for
1:33 � L=D � 2. In addition to the conventional narrow-wake (NW) and wide-wake (WW) modes observed at subcritical Reynolds num-
bers, a less-biased intermittent gap flow is observed for L=D ¼ 1:18; 1:2f g. Intermittency is observed for some spanwise cross sections, thus
reducing the spanwise coherence of the flow. Across pitch ratios investigated, the average of drag coefficients for the two cylinders was always
larger than for a single cylinder. For L=D ¼ 1:33; 1:5; 1:75f g, the cylinder with the larger drag experiences a larger lift. Both of these observa-
tions are contrary to previous findings in subcritical flows. On the cylinder halves facing the gap, the boundary layer on the cylinder in the
NW mode separates further downstream than for the WW mode. This NW separation angle decreases with increasing pitch ratio while it
remains similar for the WW mode across pitch ratios.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0241365

I. INTRODUCTION

Circular cylinders commonly form critical building blocks of
engineered structures. Often, cylinders are situated in close proximity
to each other, thus resulting in aerodynamic interactions between
them when subject to atmospheric flows. Under extreme wind condi-
tions, the induced aerodynamic forces and moments can be substan-
tial. Hence it is important to quantify these to design structures that
are structurally sound.

The current work studies a common baseline arrangement, two
cylinders placed beside each other with no streamwise separation. To
date, it appears that there are a few studies examining this arrangement
in the postcritical flow regime that is relevant to many large engineered
structures.

Based on the variation of the drag coefficient with increasing
Reynolds number, flow over an isolated cylinder can be classified
into four regimes: subcritical, critical, supercritical, and trans/
postcritical (Roshko, 1961). Here, the Reynolds number is defined as
Re ¼ qU1D=l, where D; l; U1 and q are the (same) diameter of the
two cylinders, the dynamic viscosity, the velocity, and the density of

the incoming flow, respectively. In the postcritical regime, the transi-
tion to turbulence in the cylinder boundary layer occurs sufficiently
far upstream of flow separation that any further increase in the
Reynolds number has a relatively minor influence on the flow
behavior.

For smooth cylinders, the Reynolds number range pertaining to
the postcritical flow is Re > Oð5� 105Þ (Schewe, 1983). An increase
in surface roughness of the cylinder reduces the critical Reynolds num-
ber (Achenbach, 1971). Owing to large diameters and a non-negligible
surface roughness caused by non-uniform paint, rust, etc., large engi-
neered structures, such as oil/gas rig flare towers or chimney stacks
often encounter postcritical flows. For example, for 1m diameter (D)
cylinders in U1 ¼ 100 m/s (extreme) cyclonic conditions, the
Reynolds number is Re ¼ Oð107Þ.

This Reynolds number regime has received little attention previ-
ously primarily due to large wind tunnel test sections needed to main-
tain acceptable blockage ratios while using cylinders of large diameters.
The current study investigates this particular flow scenario, i.e., post-
critical flow over two rough cylinders placed side-by-side.
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Zdravkovich (1977), Sumner (2010), and Zhou and Alam (2016)
reviewed the experimental work involving flow over two smooth cylin-
ders in various arrangements and Reynolds numbers. The presence of
another cylinder in the vicinity causes a significant change in flow
characteristics relative to those for a single cylinder. For a fixed
Reynolds number, the flow behavior is largely governed by the distance
between the cylinders. For the remainder of this paper, this is repre-
sented by the non-dimensional pitch ratio L� ¼ L=D, where L is the
distance between the centers of the two cylinders and D is the cylinder
diameter.

For subcritical smooth cylinder flows, three different flow regimes
have been previously identified based on the vortex shedding and the
behavior of the flow through the gap, these regimes are illustrated in
Fig. 1 and are described as follows.

(i) The single bluff body regime where the two cylinders behave
similarly to a single body subject to base bleed. The bleed
flow increases the formation length of the cylinders, thereby
decreasing the drag experienced by the cylinders. This
regime exists over L� < 1:1� 1:2 (Sumner, 2010). For L�

� 1:13 and for an incoming Reynolds number of 4:7� 104,
Alam and Zhou (2007) found that the gap flow forms a
highly intermittent separation bubble on one of the cylin-
ders, thus resulting in multiple stable flow configurations at
the same pitch ratio.

(ii) The biased flow regime where the gap flow is biased toward
one of the cylinders and away from the centerline as illus-
trated in Fig. 1(b). This bias is known to be bi-stable, with
the deflection alternating toward either cylinder. The vortex
street toward which the gap flow is biased is said to be in
the “narrow-wake” mode (NW), while the other vortex
street is in the “wide-wake” mode (WW). The biased flow
regime is also known to lead to a far wake with two distinct
frequencies, with the higher frequency originating from the
narrow-wake side (Williamson, 1985). This regime exists
over 1:2 < L� < 2:2. In addition, Alam et al. (2003) identi-
fied 2:2 < L� < 2:5 as transitional pitch ratios where the
near wake is partly deflected, but only a single prominent
frequency is found in the wake.

(iii) The parallel vortex streets regime (PVS) where both cylin-
ders shed vortices into separate wake streets. However, syn-
chronization of vortex shedding exists between the cylinders
and the shedding is found to be predominantly out-of-phase
(Williamson, 1985; Alam et al., 2003). This regime is seen
with pitch ratios in the range L� � 2� 2:2 (Sumner, 2010).

The pitch ratios at which these flow configurations exist, i.e., the
boundaries of each regime, vary only slightly depending on the
Reynolds number and the experimental setup (Sumner, 2010).

Williamson (1985) studied the wake behind the two cylinders
and identified the modes of vortex amalgamation at low Reynolds
numbers (Re � 200). Zhou et al. (2002) investigated velocity distribu-
tions up to 40 diameters downstream of the two cylinders to identify
the interactions between the rows of vortices at L� ¼ 1:5; 3f g for
Re¼ 5800. Strouhal numbers in the wake were identified by Bearman
and Wadcock (1973), Spivack (1946), and Alam et al. (2003), among
others. The influence of Reynolds number on the wake pattern and the
frequencies in it, behind this arrangement is relatively small when
compared to the one where one cylinder is directly downstream of the
other (Xu et al., 2003).

Despite numerous investigations studying the flow behavior in
the near and far wakes of the two cylinder arrangement, the mean and
fluctuating aerodynamic forces and pressure distributions have been
less explored even in the subcritical regime (Sumner, 2010). Some
recent studies (Afgan et al., 2011; Chen et al., 2022; and Zeng et al.,
2023) have used numerical simulation to investigate aerodynamic
forces on two smooth cylinders in this arrangement for different gap
ratios; however, the Reynolds numbers were limited to low Re subcriti-
cal flow (Oð103Þ). Despite differences in detail, many similar flow fea-
tures observed at higher Re were observed, such as the biased flow
regime, mode swapping and different flow transitions, suggesting that
the geometrical setup has a much stronger effect than the flow regime.

Bearman and Wadcock (1973) reported the mean pressure distri-
bution for L� ¼ 1:5 and the force coefficients for L� ¼ 1; 1:5; 2f g for
smooth cylinders for a subcritical Reynolds number of
Re ¼ 2:5� 104. Alam et al. (2003) reported the mean and fluctuating
pressure distributions and force coefficients for L� � 6 at
Re ¼ 5:5� 104. To the knowledge of the authors, to date, Sun et al.

FIG. 1. Schematic representation of the flow configuration in each of the regimes.
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(1992) has been the only investigation concerning the supercritical
regime (Re ¼ 6:5� 105) where pressure distributions were reported,
but it was limited to L� ¼ 2:2.

Bearman and Wadcock (1973) found that the azimuthal location
of the maximum in mean pressure, i.e., the stagnation point on the
surface of a cylinder, exists at a non-zero azimuthal angle, when in
proximity to another cylinder. In addition, Bearman and Wadcock
(1973) also reported that the stagnation angle (referred to as hst hence-
forth) is larger at L� ¼ 2 than at L� ¼ 1:5. As the two cylinders are
moved further away, pressure distributions on either cylinder are
expected to be similar to that on an isolated cylinder, thus hst ! 0 as
L� ! 1. While this indicates that there could be a maxima in hst
between L� ¼ 2 and L� ¼ 1, we found that the entries of hst in table
2 of Bearman and Wadcock (1973) were interchanged, and hst at L�

¼ 1:5 was indeed greater than at L� ¼ 2.
For subcritical flow at Re ¼ 5:5� 104, Alam et al. (2003) found

that the cylinder in the NW mode experiences larger drag and lower
lift while the one in the WW mode experiences lower drag and larger
lift. Price and Paidoussis (1984) measured the force coefficients at
Re ¼ 6:4� 104 on the cylinders at various cross-stream pitch ratios
while one of them was also placed 0:1D downstream of the other and
found that the cylinder experiencing larger drag also experienced
larger lift. If the side-by-side configuration can be seen as the transi-
tional geometry when one cylinder goes from slightly upstream to
slightly downstream of the other (Sumner, 2010), the results of Price
and Paidoussis (1984) are in contradiction to those of Alam et al.
(2003).

More recently, Chen et al. (2022) and Zeng et al. (2023) found
that the lift coefficient of the cylinder in the NW mode is larger than
that in the WW mode, again, in contradiction with the findings of
Alam et al. (2003). However, the lift coefficients found in Afgan et al.
(2011) at Re¼ 3900, the same Reynolds number as Zeng et al. (2023),
agree with that of Alam and Zhou (2007). Zeng et al. (2023) attributed
the differences in the magnitude of the force coefficients with Alam
et al. (2003) to the large difference in Reynolds numbers. The lift coef-
ficients resulting from the two modes in a postcritical flow scenario
remain uncertain. Moreover, whether the cylinder with the larger CD

also experiences the larger CL remains unclear since it was not
addressed in Chen et al. (2022) and Zeng et al. (2023), perhaps due to
the sign convention followed, which resulted in opposite signs for the
CL of the two modes thus hindering a direct comparison of their mag-
nitudes. Also noteworthy is the difference in techniques between these
investigations. While Afgan et al. (2011), Chen et al. (2022), and Zeng
et al. (2023) employed numerical simulations, Alam et al. (2003) used
wind tunnel experiments to investigate the side-by-side arrangement.

This highlights the limitations in knowledge about crucial flow
parameters and their variation with pitch ratios in the side-by-side
arrangement. Providing a detailed dataset with a parameter sweep of
the pitch ratio forms the primary motivation behind this investigation.
In particular, we focus on quantifying flow parameters including the
mean and fluctuating forces, and pressure distributions to resolve the
aforementioned uncertainties.

In addition, this investigation aims to provide estimates of stagna-
tion and separation angles for the two modes for a range of pitch
ratios, both of which are crucial in understanding the flow behavior.
While these parameters have been provided in the recent numerical
investigations (Afgan et al., 2011; Chen et al., 2022; and Zeng et al.,

2023), experimental estimates of the same are absent. Moreover,
numerical estimates are limited to low Reynolds numbers,Oð103Þ.

Importantly, this study considers postcritical flows unlike the
majority of the previous investigations. While in this case postcritical
flows are generated using surface roughness, previous studies on single
cylinders indicate that key postcritical flow properties such as drag and
lift fluctuations collapse reasonably well if the measurements are scaled
according to the roughness Reynolds number (Szechenyi, 1975), espe-
cially when the effects of blockage and finite span are minimized
(Pasam et al., 2023).

The combination of surface roughness and Reynolds number
used in the current investigation is the same as that used in a previous
study of flow over two rough cylinders placed inline with the free-
stream (Pasam et al., 2024). This investigation forms a sub-part of the
broad objective to analyze the aerodynamic interaction between two
(and eventually, multiple) rough cylinders in postcritical flow. In addi-
tion, it is anticipated that these results can be extended to other surface
roughnesses and Reynolds numbers using roughness Reynolds num-
ber as a similarity parameter, as described in Pasam et al. (2023).

The remainder of this work is divided into three sections. Section
II presents the experimental setup, validation, and data processing
underlying the identification of the two modes and quantification of
the corresponding flow parameters. The results and discussion are pre-
sented in Sec. III, followed by the concluding Sec. IV, which highlights
the key findings of this study.

II. METHODOLOGY
A. Experimental setup and data acquisition

Experiments were performed in a closed-loop wind tunnel with a
test section of a rectangular cross section 4000� 2000 mm2. Cylinders
were installed vertically (2000mm) in the test section 4600mm down-
stream of the end of contraction and were rigidly mounted both to the
floor and the roof. For all the tests in this investigation, the free-stream
velocity was maintained at � 23:2 m s–1, thus resulting in a Reynolds
number of� 3� 105, which is post critical given the roughened cylin-
ders used (Pasam et al., 2023).

Figure 2 gives the distribution of the mean velocity and the turbu-
lence intensity in the background flow in the spanwise direction. Here,
H� ¼ H=D, where H is the height of the floor. The mean velocity out-
side the boundary layer is within 0.5% of the global mean at the center
of the test section. Turbulence intensity of the incoming flow is 1.35%.
At four diameters away from the centerline in the cross-stream direc-
tion, velocity non-uniformity and turbulence intensity outside the
boundary layers increase to <0:7% and �1:8%, respectively. At the
furthest pitch ratio tested in this investigation, cylinders were placed
three diameters cross-stream from the center and seven diameters
away from the sidewall.

The two cylinders were of diameter D¼ 204mm. They spanned
the entirety of the vertical dimension, thus resulting in an aspect ratio
of 9.8. The blockage ratio of a single cylinder in isolation was 5%. Both
the cylinders were wrapped with a P60 grit sandpaper to provide a uni-
form surface roughness. This resulted in a relative roughness ratio of
k=D ¼ 1:28� 10�3 and an equivalent sand-grain roughness ratio of
ks=D ¼ 1:9� 10�3. Here, k is the average sand grain diameter
(provided by the manufacturer), and ks is the equivalent sand-grain
roughness that causes a similar frictional velocity deficit in a fully
rough channel flow (Nikurdase, 1933). In particular, ks is obtained
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using ks ¼ 1:5k, which has been previously determined by Speidel
(1954) and has typically been used in subsequent rough cylinder inves-
tigations (Achenbach, 1971; G€uven et al., 1980; and Pasam et al.,
2023).

Both the cylinders were instrumented at two cross sections,
one at the midspan (H� ¼ 4:9), and another two diameters
above the midspan (H� ¼ 6:9). Each cross section contained 30
equally spaced pressure measurement locations around the cir-
cumference. Pressure taps at these locations were connected to a
turbulent flow instrumentation (TFI), dynamic pressure mea-
surement system using PVC tubing, to obtain the static pres-
sures sampled at 2000Hz. The pressure measurements in the
time domain were transformed into the frequency domain and a
transfer function was applied based on the length and diameter
of the tubing according to Bergh and Tijdeman (1965). The
cutoff frequency for the pressure measurements was 630Hz.
For comparison, the shedding frequency of an isolated cylinder
is �23 Hz at Re ¼ 3� 105.

Measurements were obtained for a minimum of 120 s, and each
arrangement was repeated at least twice. This duration covers more
than 2500 shedding cycles. Coefficients of (pressure) drag, and lift
were obtained by integrating these pressures across the circumference.
Further details of the setup are given in Pasam et al. (2023), which
examined postcritical flow over a roughened single cylinder. The two
cylinders used in the current investigation are the same as those in
Pasam et al. (2024). The difference in CD of the two cylinders at Re
¼ 3� 105 is< 1%.

Figure 3 gives the details of the locations of pressure measure-
ment and the symbols used in this investigation. For the conve-
nience of comparison, the positive direction of increase in the
azimuthal angle is taken such that 270� faces the gap on both cylin-
ders. This results in a lift coefficient that is positive outwards from
the streamwise centerline. The half on each cylinder facing the gap
is referred to as the inner half, while the half facing away is referred
to as the outer half.

The aerodynamic force coefficients of each cylinder are repre-
sented using

Cvga ¼
Fvga

0:5qU21D
; (1)

where v 2 D; Lf g; g 2 1; 2f g, and a 2 a; bf g. Here, 1 and 2 indi-
cate the two cylinders, while a and b indicate the locations of mea-
surement at the midspan and two diameters above the span,
respectively. Coefficients without the subscripts (g and a) are the
averages of all four measurement locations. The dimensional forces,
FD and FL, are the (pressure) drag and lift, respectively, with CD

and CL, the corresponding drag and lift coefficients. Finally, q and
U1 are the freestream density and velocity, respectively. These
parameters are reported along with the corresponding 90% confi-
dence intervals.

B. Mode separation

In the current investigation, cylinders experience both the
narrow-wake and wide-wake modes for pitch ratios
1:18 � L� � 1:75. To analyze the modes separately, time periods
for which the cylinder is in each mode are identified using the fol-
lowing steps.

(i) The average of the time-mean drag coefficients measured
on the two cylinders (0:5ðCD1 þ CD2Þ) is considered as a
cutoff.

(ii) Noting that the narrow-wake mode results in a larger drag
than the wide-wake mode, the largest continuous instance
of time for which the moving median drag coefficient (of
100 convective cycles) is larger than the cutoff is identified.
The mean and standard deviation of the moving median
drag are measured for this duration.

(iii) Finally, the NW mode is identified as the period for which
the moving median drag is within four standard deviations
from the mean.

(iv) If the median drag is lower than four standard deviations
from the NW mode, it is considered as the WW mode.
Figure 9 gives the representative results from this mode
separation.

FIG. 2. (a) Mean velocity and (b) turbulence intensity distributions in the test section.
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(v) For pitch ratios L� ¼ 1:18; 1:2f g, we found intermediate
modes that correspond to neither the conventional nar-
row wake nor the wide wake at that pitch ratio. For
these pitch ratios, the time period for which a mode
exists is identified for each test individually while allo-
cating sufficient buffer near the transitions between the
modes to reduce the chances of overlap. Figure 16 gives
the representative result and indicates the bounds con-
sidered for each mode.

C. Parameters from the pressure distributions

Four additional parameters are used in this investigation to fur-
ther analyze the pressure distribution across various pitch ratios. These
are defined as follows.

(i) The base pressure coefficient CPb is the mean pressure coef-
ficient in the post-separation region of the cylinder.

(ii) Wake angle 1, hw1 , is the point of intersection of the straight
line fit in the region of pressure rise and the base pressure.

FIG. 3. Schematic of the setup. (a) Two
cylinders (facing downstream), (b) and (c)
measurement locations on the cylinders,
and (d) notation used in this investigation.
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This serves as a good estimate for the separation angle. See
Pasam et al. (2023) and G€uven et al. (1980) for the proce-
dure behind this estimate and comparison with experimen-
tal measurements of the separation angle.

(iii) Wake angle 2, hw2 , is the location of the maximum in the
fluctuating pressure distribution. This location is also a
nominal estimate for the separation angle (Batham, 1973)
and is a useful metric to further support the trends in hw1 .

(iv) The stagnation angle, hst, is the magnitude of the shift in the
stagnation point. This is estimated using a least squares fit
of the curve CP ¼ 1� 4 sin2ðhþ hstÞ to the experimentally
determined pressure coefficients in 624� near the maxi-
mum CP measured on the surface.

D. Validation of the geometric configurations

Due to limitations in the setup, pitch ratios of L� < 2:25 could be
achieved only when the two cylinders were placed asymmetrically with

respect to the wind tunnel centerline. At these pitch ratios, one of the
cylinders was placed on the centerline while the other was at the cross-
stream separation of L� from the centerline. To verify and ensure that
this bias had as little influence as possible, some pitch ratios were tested
with the cross-stream cylinder on either side of the centerline.
The three configurations are named left, right, and central, and are
given in Fig. 3.

Pitch ratios tested at these configurations and the mean coeffi-
cients of drag and lift from three overlapping pitch ratios are given in
Table I. It is evident that the two asymmetric configurations produce
similar results. While the differences in CL at L� ¼ 1:5 are relatively
larger, these reflect the sensitivity of the arrangement in the biased
regime toward minor asymmetries. In all subsequent figures, data
from the overlapping pitch ratios from the two configurations are plot-
ted separately so that the differences, if any, between the two are appar-
ent in comparison with the trends reported.

III. RESULTS AND DISCUSSION

The largest pitch ratio tested in the current investigation is
L� ¼ 6. At this pitch ratio, the two cylinders behave nearly indepen-
dently. As the cylinders are moved closer, aerodynamic interaction
between the two results in an increase in the mean forces and the fluc-
tuations until L� ¼ 2:25. In addition, the aerodynamic forces on the
two cylinders are the same within the experimental uncertainty until
L� ¼ 2:25. A biased regime is observed below L� ¼ 2:25, resulting in a
significant difference between the forces on the two cylinders at a given
instant. Additionally, intermittent flow modes with lower bias than the
conventional NW andWWmodes are observed for L� 2 1:18; 1:2f g.

These observations are discussed through the following sub-
sections. Sections IIIA–IIIC present the broad variation in the aerody-
namic forces and the frequencies with pitch ratio. Sections IIID–III F
detail the parallel vortex street, the biased and the intermediate flow
regimes, respectively. Section IIIG relates the velocity profiles mea-
sured beside an isolated cylinder and the different flow regimes in the
side-by-side configuration.

TABLE I. (a) List of pitch ratios tested in each configuration (see Fig. 3 for nomencla-
ture), and (b) force coefficients at common pitch ratios.

Left Right Central Pitch ratio Mode Coefficient Left Right Central

1.18 1.2 - 1.5 NW CD 1.06 1.06 -
- 1.33 - 1.5 WW CD 0.87 0.86 -
1.5 1.5 - 1.5 NW CL 0.27 0.30 -
1.75 1.75 - 1.5 WW CL 0.20 0.22 -
- 1.875 - 2 NW CD 1.20 1.19 -
2 2 - 2 WW CD 1.16 1.16 -
2.25 2.25 2.25 2 NW CL 0.10 0.11 -
- - 4 2 WW CL 0.09 0.14 -
- - 6 2.25 - CD 1.18 1.17 1.17

(a) (b)

FIG. 4. Variation of (a) mean drag coefficient and (b) mean lift coefficient with pitch ratio. Re ¼ 3� 105. Blue closed circle: WW; red closed circle: NW; black closed circle: par-
allel vortex street regime; green curve: average of drag on the two cylinders in the biased regime; green dashed line: predicted CD of an isolated cylinder of the same rough-
ness and for the same Reynolds number; black dashed curve: Alam et al. (2003), smooth cylinders, Re ¼ 5:5� 104; and errors bars indicate 90% confidence intervals.
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A. Mean drag and lift coefficients

Figure 4(a) gives the variation in the drag coefficient of the two
cylinders with pitch ratio. Note that the current force coefficients of
cylinders in the two cylinder arrangement are not corrected for wind
tunnel blockage because the proposed corrections (Allen and Vincenti,
1944) do not consider the influence of wall-proximity on the interac-
tion between the two cylinders.

Figure 4(a) also contains the corresponding predicted drag coeffi-
cient of an isolated cylinder of the same roughness and at the same
Reynolds number. This is an estimate of CD on an isolated cylinder
with 10% blockage from a measurement of CD on an isolated cylinder
with 5% blockage. These corrections on the influence of wind tunnel
walls are done using the method proposed by Allen and Vincenti
(1944), which were later used in several investigations on flows over
isolated cylinders.

As the cylinders are moved closer to large pitch ratios, the drag
coefficients of each cylinder in the side-by-side arrangement agree
with the experimental uncertainty for pitch ratios until L� ¼ 2:25.
Thus, the parallel vortex streets regime in the current investigation
exists for L� � 2:25. This agrees well with the average estimate of
L� > 2� 2:2 from the previous subcritical investigations (Sumner,
2010; Zhou and Alam, 2016) for smooth cylinders, suggesting that the
influence of both the Reynolds number and the surface roughness on
regime limits is minor (except in the critical Reynolds number
regime).

The CD of either cylinder in the current investigation is � 7%
larger at L� ¼ 4 and � 1:5% larger at L� ¼ 6 than the predicted drag
coefficient of an isolated cylinder at the same Reynolds number. For
smooth cylinders at Re ¼ 2:5� 104, Bearman and Wadcock (1973)
found that the base pressure coefficient of a cylinder in the side-by-
side arrangement matches the predicted coefficient of an isolated cylin-
der for L� ¼ 6:2. The results of Alam et al. (2003) at Re ¼ 5:5� 104,
however, indicate that the drag coefficient of either cylinder at L� ¼ 6
is similar to that of an isolated cylinder, even without accounting for
changes in the blockage ratio. Blockage ratios of a single cylinder in the
current investigation and in Alam et al. (2003) are 5% and 4%, respec-
tively. Consequently, the predicted drag coefficients of isolated cylin-
ders are 	 5% larger than the measured drag coefficients in the two
investigations. The discrepancy in the difference between the “drag
coefficient of a cylinder in the side-by-side arrangement with large L�”
and the “predicted drag coefficient of an isolated cylinder” across the
two investigations is possibly due to (minor) experimental variability.

The biased flow regime in the current investigations exists for
L� < 2:25. In this L� range, one of the cylinders experiences larger
drag than the other for a few vortex shedding cycles. As mentioned
previously, the cylinder that experiences the larger drag is in “narrow-
wake mode (NW)” while the one with lower drag is in “wide-wake
mode (WW).”

For flow over two smooth cylinders normal to the incoming
flow in the Reynolds numbers range 2:5� 104 � Re � 1:6� 105,

TABLE II. Mean drag and lift coefficients reported by Alam et al. (2003) at L� ¼ 1:5.

Integration of cross-sectional pressures Force measurements on a spanwise section

CD CL CD CL

NW 1.14 0.44 1.03 0.26
WW 0.98 0.31 0.84 0.37

FIG. 5. Fluctuating coefficients of (a) drag and (b) lift at various pitch ratios. Blue closed circle: Fluctuations while in WW; red closed circle: fluctuations while in NW; black
closed circle: fluctuations in the parallel vortex street regime; green dashed line: current, isolated cylinder under the same conditions; and Gray curve: Alam et al. (2003),
smooth cylinders in the side-by-side configuration at Re ¼ 5:5� 104.
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Zdravkovich (1977) found that the mean of the drag coefficient of the
two cylinders (0.5 ðCDNW þ CDWW Þ) in the entire biased regime is less
than that of an isolated cylinder. It is uncertain whether blockage has
been accounted for in their estimation of the drag coefficient of the iso-
lated cylinder. Alam et al. (2003) found that the mean CD is greater
than that of an isolated cylinder (excluding blockage corrections) for
1:1 � L� � 1:2 and 2:2 � L� � 2:5. Current results at Re ¼ 3� 105

on the smooth cylinder indicate that the mean of the drag coefficient
of the two cylinders is always greater than that of the predicted drag
coefficient of an isolated cylinder. The minimum mean of the drag
coefficients of two cylinders in the current investigation is found at
L� ¼ 1:5. This minimum is �3% larger than the predicted CD of an
isolated cylinder and �8% larger than the measured CD of an isolated
cylinder with 5% blockage. Zdravkovich (1977) and Alam et al. (2003)
measured forces on a section of the cylinder, while the current investi-
gation obtained force coefficients from cross-sectional pressure mea-
surements. In addition to the differences in the Reynolds numbers and
the measurement technique, the associated uncertainty with the block-
age corrections could have caused this discrepancy.

Figure 4(b) gives the mean coefficient of lift at various pitch
ratios. These lift forces on the cylinders are acting opposite to each
other, i.e., positive lift is repulsive. At L� ¼ 6, a slightly positive lift
coefficient (CL ¼ 0:01) was observed on the two cylinders. Note that a
CL of similar magnitude was also observed even on an isolated cylin-
der. Given this, it is possible that the non-zero lift coefficient could be
due to the discrete nature of pressure measurements rather than the
flow behavior at L� ¼ 6.

As the cylinders are moved closer, the repulsive lift forces increase
and the largest lift force is observed at the closest pitch ratio tested.
The difference between the coefficient of lift in the two modes
(CLNW � CLWW ) is smaller in the current investigation than that seen in
Alam et al. (2003) for smooth cylinders at Re ¼ 5:5� 104.
Nevertheless, it is quite evident from the current results that the cylin-
der in the wide-wake mode experiences lower lift than that in the

narrow-wake mode at L� 2 1:33; 1:5; 1:75f g. For L� 2 1:18; 1:2f g
and L� 2 1:875; 2f g, the difference between the lift coefficients corre-
sponding to the two modes is less than the experimental scatter. In
contradiction, Alam et al. (2003) and Alam and Zhou (2007) observed
that the WW mode results in a larger lift across all separations.
Moreover, Alam et al. (2003) used the larger lift force as the filtering
criterion to identify the WWmode.

To investigate this further, we integrated the mean pressure coef-
ficients presented in Fig. 10 of Alam et al. (2003) and Fig. 2 of Alam
and Zhou (2007) to obtain the cross-sectional lift coefficients. Force
coefficients obtained through integration of pressure distributions and
those measured on a section of cylinder [both from Alam et al. (2003)]
are given in Table II. Surprisingly, the mean lift coefficient (obtained
from the pressure distribution) belonging to WW is lower than that
for the NW. This is in agreement with the current results but in con-
tradiction with measurements from load cells in Alam et al. (2003).

From Table II, it is clear that there are non-negligible differences
between the coefficients measured through the pressure distribution
on a cross section and those using a load cell in Alam et al. (2003). The
active section on which aerodynamic forces are measured by the load
cell is 0.92 cylinder diameters long. Thus, the corresponding load mea-
surements were also dependent on the spanwise correlation of the flow
across this active section. However, our investigation found that the
two modes are well correlated between cross sections that are two
diameters apart (see Fig. 9), suggesting this is not the cause of the
discrepancy.

In addition, force measurements on an entire cylinder in a slightly
staggered arrangement (a streamwise separation of 0:1D) from Price
and Paidoussis (1984) indicate that the cylinder with larger drag (i.e.,
in the NW mode) also experiences a larger lift than that with the
smaller drag (i.e., in the WWmode) for 1:25 � L� � 3. The Reynolds
number of Price and Paidoussis (1984) (Re ¼ 6:4� 104) is close to
that of Alam et al. (2003) (Re ¼ 5:5� 104). Both the investigations
used smooth cylinders.

FIG. 6. (a) Power spectra of fluctuations in lift. The spectra from L� ¼ 1:2 are offset by 10 from the previous L� to increase clarity. (b) Prominent frequencies found in the lift
spectra at various separations. Blue closed circle: while in WW; red closed circle: while in NW; black closed circle: in the parallel vortex street regime; green dashed line: iso-
lated cylinder predicted; Gray curve: Alam et al. (2003), frequencies in the lift fluctuations, Re ¼ 5:5� 104; open right triangle: Xu et al. (2003), Re ¼ 300� 1:4� 104; and
open left triangle: Bearman and Wadcock (1973), Re ¼ 2:5� 104.
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Lift coefficients from recent numerical investigations (Chen et al.,
2022; Zeng et al., 2023) at low subcritical Reynolds numbers
(Re ¼ Oð103Þ) are larger in magnitude than those found in the cur-
rent, postcritical investigation. However, they agree with the current
results in that the cylinder experiencing larger drag (i.e., NW mode)
also experiences larger (magnitude) lift. In the current investigation,
the difference in the lift coefficients of the two modes is small at the
closest pitch ratios (L� � 1:2), increases as the pitch ratio increases to
L� � 1:75 and diminishes for transitional pitch ratios of L� � 2.
These trends are in excellent agreement with the results of Chen et al.
(2022) and Zeng et al. (2023).

To summarize, numerical investigations on low subcritical flows
(Chen et al., 2022; Zeng et al., 2023), experimental investigations on
high subcritical flows (Price and Paidoussis, 1984), and the current
investigation on postcritical flows suggest that “NW mode results in
larger drag, larger lift and hence a larger resultant force than the WW
mode.” This contradicts the results of Alam et al. (2003), Alam and
Zhou (2007), and Afgan et al. (2011) and the consequent conclusion in

the review, Sumner (2010) that stated that “the NW mode has smaller
CL than theWWmode at all pitch ratios.”Of course, the current inves-
tigation studied two rough cylinders, while the rest of the investiga-
tions studied two smooth cylinders.

B. Fluctuating drag and lift coefficients

Fluctuations in the force coefficients (i.e., rCD and rCL ) across
various pitch ratios are presented in Fig. 5. Note that these coefficients
do not account for increased blockage in the case of the two cylinder
arrangement, since the influence of wind tunnel walls on the fluctua-
tions of forces is uncertain. The fluctuating force coefficients at L� ¼ 6
are close to those seen for an isolated cylinder. While the asymptotic
rCD and rCL found in the current experiments are significantly lower
than those from Alam et al. (2003), it is worth noting that the fluctuat-
ing lift coefficient, rCL , on an isolated rough cylinder at postcritical
Reynolds numbers (Pasam et al., 2023) is lower than that on smooth
cylinders at subcritical Reynolds numbers (Norberg, 2003).

FIG. 7. Mean pressure coefficient on the
surface of the two cylinders. Solid curve:
cylinder 1; dashed curve: cylinder 2 (refer
to inset); open red circle: L� ¼ 2:25; open
green left triangle: L� ¼ 4; open blue dia-
mond symbol: L� ¼ 6; and purple curve:
predicted distribution on an isolated single
cylinder.

FIG. 8. Fluctuations in the pressure coeffi-
cient on the surface of the two cylinders.
Solid curve: cylinder 1; dashed curve: cyl-
inder 2 (refer to inset); open red circle:
L� ¼ 2:25; open green left triangle:
L� ¼ 4; open blue diamond symbol:
L� ¼ 6; and purple curve: isolated single
cylinder at the same Reynolds number
and 5% blockage.
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As the pitch ratio is decreased from L� ¼ 6, fluctuations in
both the lift and drag increase until they peak at L� � 2; below
which they reduce with decreasing pitch ratio. Note that L� � 2 is
the region of transition between the parallel shedding regime and the
biased regime. The difference between drag fluctuations resulting
from the narrow-wake and the wide-wake modes is much smaller in
postcritical flow than those seen in subcritical flow (Alam et al.,
2003). Moreover, in subcritical flow, rCD in NW is larger than that

in WW in the entire biased regime unlike the current postcritical
results. At the two closest pitch ratios tested (L� ¼ 1:18; 1:2), WW
results in a lower rCD than the NW. For other L�, WW results in
larger rCD . For lift, WW results in a slightly lower rCL than NW at
all L�. This comparison between the fluctuating quantities of the two
modes is to be considered with caution since the differences seem
minor and at some pitch ratios, the difference is within the 90% con-
fidence interval.

FIG. 9. Time histories of the force coefficients of the two cylinders at the two measurement planes for a pitch ratio of L� ¼ 1:5 and Re 	 3� 105. Black line: narrow-wake
mode; green line: wide-wake mode; red line: moving median of 100 convective time cycles; and blue line: average drag of all four locations.
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C. Spectra of lift fluctuations

Power spectra of the fluctuations in the lift coefficient of the two
cylinders at different L� are provided in Fig. 6. These spectra are the
average of the four measurement locations (two on each of the two cyl-
inders) and are also averaged across repeated tests. The averaged spec-
trum at the largest separation (L� ¼ 6) resembles that seen on an
isolated cylinder at the same Reynolds number in that it has a promi-
nent frequency and its third harmonic. The difference between the
Strouhal number (St ¼ fD=U1 with f the shedding frequency) seen in
a two cylinder arrangement at L� ¼ 6 and the predicted Strouhal num-
ber of an isolated cylinder is less than the experimental uncertainty.
Here, the predicted Strouhal number is obtained by estimating the U1
at 10% blockage that would lead to the same U1 at no blockage,

which, in turn, is obtained from the U1 and CD measured at 5%
blockage and the blockage corrections proposed by Allen and Vincenti
(1944).

As the pitch ratio is decreased, the second harmonic of shedding
increases in prominence from L� ¼ 2:25. This second harmonic, how-
ever, is absent in L� � 1:75. For smooth cylinders placed side-by-side
with 1:6 � L� � 1:9 and in a much lower Reynolds number of
Re¼ 200, Williamson (1985) reported second and third harmonic
modes of vortex shedding in addition to the fundamental mode.

In the fundamental mode, the vortices generated from the inner
halves are “squeezed and amalgamated” into the outer vortex of the
cylinder in the NW mode. In the second harmonic mode of vortex
shedding, the near wake contains a pair of vortices on one side and a

FIG. 10. Mean pressure on the surface of cylinders for the two modes at L� ¼ 1:5 and Re ¼ 3� 105.

FIG. 11. (a) Fluctuating pressure distributions of the two modes at L� ¼ 1:5 and Re ¼ 3� 105. (b) Spectra of fluctuations in lift for the two modes.
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single vortex on the other side of the side-by-side arrangement. The
third harmonic mode is more intermittent and contains an additional
weak vortex following the vortex pair. Spectra of the fluctuations in the
lift in the current results confirm the prominence of second and third
harmonic modes of vortex shedding from cylinders, even in the post-
critical regime. Further, as pitch ratio is increased from L� ¼ 1:18, the
emergence of additional harmonics (in L� > 1:75) coincides with a
steep increase in rCL and rCD as seen in Fig. 5.

For Re ¼ 5:5� 104, Alam et al. (2003) also found intermediate
frequencies within the biased regime. However, for a given pitch ratio,
the intermediate frequency was not a harmonic of the lower frequency
in Alam et al. (2003). These intermediate frequencies were attributed
to an intermittent flow configuration with an unbiased near wake
behind the two cylinders—a transitional flow between the NW and the
WWmodes.

In this investigation, at the closest separation tested (L� ¼ 1:18),
one prominent peak exists at St � 0:1, while a relatively broad plateau
is seen near St � 0:36, which is close to, but not equal to the third har-
monic of the lower frequency. The smaller frequency corresponds to
the wide-wake mode and the larger frequency corresponds to the
narrow-wake mode. A less distinct frequency is also seen at St � 0:21
(near the shedding frequency of an isolated cylinder) at
L� ¼ 1:18; 1:2; this frequency corresponds to the flow configuration
with a more symmetric flow in the gap. The demarcation of modes
and the corresponding frequencies are given in Sec. III E.

As the pitch ratio is increased from L� ¼ 1:18, the difference
between the Strouhal numbers of the two modes decreases. Energy
in the frequency corresponding to the narrow-wake mode
increases while that in the wide-wake mode decreases. At
L� ¼ 1:75, the combination of frequencies from the two modes
leads to a broad plateau in the lift spectrum. This is also seen, albeit
to lesser extent, for L� ¼ 1:875. The spectrum for L� > 1:875 con-
tains one prominent frequency together with its second and third
harmonics as mentioned previously.

The shear layers emanating from the inner halves of the two cyl-
inders interact earlier at smaller pitch ratios. This suggests that the vor-
tex structures in the shear layers near the interaction are weaker. Thus,
there is a higher possibility of the formation of a stable pair of vortices
in the gap at larger pitch ratios. This helps explain multiple observa-
tions in the lift fluctuations in the current investigation such as: (i) the
broadband nature of the energy content near the NW frequencies in
the spectra of smaller pitch ratios, (ii) the increase in the relative energy
of the NW frequencies as the pitch ratio increases, (iii) the presence of
prominent second and third harmonics at larger pitch ratios, and (iv)
the increase in the magnitude of fluctuations in the lift coefficient at
larger pitch ratios.

Unlike the force coefficients, the frequencies in the flow have
been investigated extensively within the subcritical regime enabling a
comparison across Reynolds numbers and different flow regimes, with
the current results. Figure 6 gives the frequencies and their variation
with pitch ratio across the range of Reynolds numbers in the low sub-
critical [Re¼ 300 in Xu et al. (2003)], high subcritical [Re ¼ 5:5� 104

in Alam et al. (2003)] and postcritical regimes (3� 105 in the current
investigation). From Fig. 4(a), it is evident that the biased regime exists
up to L� ¼ 2. However, only one prominent frequency exists from
L� > 1:75. In agreement, Bearman and Wadcock (1973) reported
the biased flow up to L� ¼ 2:4 but one frequency for L� > 2, and

Alam et al. (2003) reported the biased flow until L� ¼ 2:5 but only
one frequency from 2.2.

At close pitch ratios, the ratio of the largest frequency and the
smallest in the current investigation [and Bearman and Wadcock
(1973)] is closer to �3:5. However, other investigations (Xu et al.,
2003; Alam et al., 2003) reported a ratio closer to 3. It is evident from
Fig. 6(a) that the energy in the higher frequency at closer pitch ratios is
more broadband in nature. This lack of a sharp peak in the spectra
could partially contribute to a scatter in the reported frequencies. This
scatter at the larger frequency is also evident in Alam et al. (2003),
where the frequencies from the spectra of lift, pressure, and velocity
fluctuations were compared.

D. Parallel vortex streets for L* ‡2:25

The mean pressure distributions on the two cylinders at pitch
ratios of L� � 2:25 are plotted in Fig. 7. The two cylinders are distin-
guished to emphasize the difference in convention for azimuthal angle.
The pressure distribution for the isolated cylinder is the predicted dis-
tribution if the blockage is increased to 10%. Similar to the drag coeffi-
cient and the Strouhal numbers, this prediction is made from the
measurements on an isolated cylinder at 5% blockage using the block-
age corrections proposed by Allen and Vincenti (1944).

When the cylinders are separated by L� ¼ 6, the pressure distri-
bution resembles that of an isolated cylinder except for a minor
decrease in the base pressure (<2%). Consequently, CD of either cylin-
der in the two cylinder arrangement is slightly larger (�1:5%) than
that experienced by an isolated cylinder at the same Reynolds number
as seen in Fig. 4.

Thus, at L� ¼ 6, the drag coefficient of either cylinder is close to
that of an isolated cylinder, and the lift coefficient and the Strouhal
number are within experimental uncertainty of those predicted for an
isolated cylinder. This indicates that the two cylinders are nearly inde-
pendent at this pitch ratio. For two smooth cylinders, at a Reynolds
number of 110, Le Gal et al. (1990) observed that the vortex streets
from the two cylinders are phase locked even at L� ¼ 6:5. In the study
of Sumner et al. (1999), at Re¼ 3000, they found no synchronization
beyond L� ¼ 4:5.

As the cylinders are moved closer: (i) the base pressure decreases;
(ii) surface pressure just upstream of the separation (and the minimum
pressure) decreases; (iii) pressure on the upstream region of the inner
half (245� � h � 360�) increases; and (iv) pressure on the upstream
region of the outer half (0� � h � 100�) decreases.

The increase in pressure in the inner half and the decrease in the
outer half as the two cylinders are moved closer suggest that the prox-
imity to the other cylinder decelerates the flow in the gap while acceler-
ating the flow around the outer half. Moreover, a shift in stagnation
point toward the gap is also evident especially at L� ¼ 2:25. This shift
in the stagnation results in the repulsive (lift) force observed in
Fig. 4(b). The movement of the stagnation point also indicates a redi-
rection of flow immediately upstream of the two cylinders. An exag-
gerated redirection is depicted in the inset of Fig. 7. The azimuthal
shift (hst) in the stagnation point increases with the decrease in the
pitch ratio and is discussed in further detail in Sec. III E.

A decrease in the minimum pressure decreases the drag force on
the cylinder, while a decrease in base pressure increases the drag. The
contribution to the change in drag due to decreased base pressure is
more significant than that due to decreased minimum pressure, thus
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resulting in an increased mean drag [see Fig. 4(a)] as the cylinders are
moved closer.

Figure 8 gives the fluctuations in the surface pressure on the two
cylinders for L� � 2:25. The fluctuations for the isolated cylinder in
this figure have not been corrected for blockage as the applicability of
the blockage correction method in Allen and Vincenti (1944) to adjust
fluctuating quantities is uncertain.

At L� ¼ 6, the fluctuations in the pressure coefficient are only
slightly larger than those seen for an isolated cylinder. As the cylinder is
moved closer, these fluctuations increase in the intensity and also
become more asymmetric. The fluctuations in the surface pressure in
the inner half are much larger than those in the outer half. Based on
hw2 , the fluctuating pressure distribution implies that the boundary layer
on the inner half of the cylinder separates earlier (i.e., at a larger

FIG. 12. Time histories of the force coefficients of the two cylinders at the two measurement planes for various pitch ratios Re 	 3� 105. Gray line: narrow-wake mode; green
line: wide-wake mode; red line: moving median of 100 convective time cycles; and blue line: average drag of all four locations.
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azimuthal angle—note the convention of þve azimuthal angle in Fig. 3)
than that on the outer half when L� ¼ 2:25. Moreover, the pressure
fluctuations on the base of the inner half (180� � h � 270�) are larger
than the outer half, suggesting a closer vortex roll up in the gap.

E. Biased near wake for L* <2:25

At pitch ratios less than 2.25, the gap flow tends to be biased
toward one of the cylinders for a few shedding cycles before flipping
toward the other cylinder. This range of pitch ratios thus forms the
“biased regime” in the current investigation. Due to the existence of
two stable flow configurations at the same pitch ratio, statistics based
on the total test duration, such as the time average, are insufficient to
explain the underlying variations with pitch ratio. The two modes, the
narrow-wake and the wide-wake modes, are separated using the proce-
dure detailed in Sec. II, and an example is given below using the mea-
surements at L� ¼ 1:5.

1. The two modes at L* 5 1:5

The force coefficients measured on the four cross-sectional planes
at L� ¼ 1:5 are plotted against the convective time (t� ¼ tU1=D) in

TABLE III. Drag coefficient on the two cylinders. �: Predicted. Note that the drag
coefficients are rounded to two digits after the decimal point.

Pitch ratio L� Cylinder 1 Cylinder 2 % Difference

1.875 1.08 1.12 3.6%
2 1.16 1.20 3.3%
2.25 1.16 1.18 1.7%
6 0.94 0.95 0.5%
Isolated (at 5% blockage) 0.88 0.89 1%
Isolated� (at 10% blockage) 0.93 0.93 0.5%

FIG. 13. (a) Mean and (b) fluctuating
pressure coefficients on the surface of the
two cylinders at Re ¼ 3� 105. Open left
red triangle: L� ¼ 1:18; open green circle:
L� ¼ 1:5; open blue diamond symbol: L�
¼ 1:75; star purple symbol: L� ¼ 1:875;
the solid line represents the NW mode;
and the dashed line represents the WW
mode.
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Fig. 9. Evident from this figure is that the transitions between
modes occur in an unpredictable manner. In addition, the larger drag
(narrow-wake mode) corresponds to the larger lift. As mentioned
previously, this is contrary to results from Alam et al. (2003) and
Afgan et al. (2011) but in agreement with those from Price and
Paidoussis (1984), Sumner et al. (2005), Chen et al. (2022), and Zeng
et al. (2023).

Figure 9 also demonstrates a spanwise coherence in mode switch-
ing, as when a particular mode exists, it exists on both cross sections of
the cylinder (separated along the span by two diameters). This is
observed not only at L� ¼ 1:5 but also at L� ¼ 1:33 and 1:75. This
indicates that the CL on the section spanning the two diameters (and
presumably, the entirety) of the cylinder is lower during the wide-wake
mode than during the narrow-wake mode for these pitch ratios.

FIG. 14. (a) Base pressure; (b) and (c) wake angles and (d) stagnation and deflection angles across various pitch ratios. Green dashed line: Isolated cylinder (predicted for
10% blockage.); - - - - - -: Mean curves from the current data.

TABLE IV. List of investigations compared in Fig. 14.

Investigation Methodology Reynolds number

Afgan et al. (2011); Zeng et al. (2023) Numerical simulations, smooth cylinders 3900
Chen et al. (2022) Numerical simulations, smooth cylinders 500
Bearman and Wadcock (1973) Wind tunnel experiments, smooth cylinders 2:5� 104

Alam et al. (2003) Wind tunnel experiments, smooth cylinders 5:5� 104

Current Wind tunnel experiments, rough cylinders 3� 105
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Figure 10 gives the mean pressure distribution on the surface of
the two cylinders for the two modes. The average of surface pressure
distributions of the four measurement cross sections is presented in
both Cartesian [Fig. 10(a)] and polar [Fig. 10(b)] coordinates.

Comparing the two modes, the difference between the base pres-
sures contributes to the difference in the drag coefficient. Except within
245� � h � 360�, the flow near the surface of the cylinder in the NW
mode accelerates more than that in the WW mode, thus resulting in
higher velocity and hence lower surface pressure. This is also evident
in the significantly lower minimum pressure on the cylinder in the
NWmode on both the halves.

A prominent difference between the (cross-stream) pressures in
the two modes can be observed within 18� � h � 90� in the outer half
and 258� � h � 282� in the inner half of the cylinder. The difference
in pressure between the two modes, i.e., jCPNW � CPWW j, in the outer
half is larger than that in the inner half. Consequently, the NW mode
results in a larger cross-stream force toward the outer half, i.e., larger
repulsive lift than for the WWmode.

Figure 11(a) gives the fluctuating pressure distribution for the
two modes. Note that the fluctuations in pressure on the isolated cylin-
der are measured at 5% blockage. Pressure fluctuations over the entire
circumference of the cylinder are smaller than those seen on an iso-
lated cylinder for both the modes. Consequently, rCL and rCD in the
side-by-side arrangement at L� ¼ 1:5 are smaller than those observed
on an isolated cylinder. In the base region of the cylinder, the fluctua-
tions in the WW mode are larger than those seen in the NW mode.
This contributes toward larger rCD for WW than NW at this pitch
ratio and is seen in Fig. 5(a).

The immediate wake of the cylinder in either mode is more quies-
cent than that of an isolated cylinder. The mean pressure distribution
on the base of cylinders in both modes is flatter when compared to
that seen on an isolated cylinder. Moreover, the fluctuations in pres-
sure on the base of the cylinders in both modes are smaller than those
observed for an isolated cylinder.

Figure 11(b) presents the spectra of the fluctuations in the lift
coefficient at L� ¼ 1:5. These spectra are obtained from time intervals
when a particular mode exists in the time history corresponding to
Fig. 9. The narrow-wake mode contains a prominent frequency at
fD=U1 � 0:35, while the wide-wake mode has two prominent fre-
quencies, at fD=U1 � 0:17 and at fD=U1 � 0:35 (of lower promi-
nence). This indicates that the larger frequency found in the spectra
presented earlier in Fig. 6(a) corresponds to NW and the smaller fre-
quency corresponds toWW.

2. Variation of the two modes with pitch ratio

Figure 12 provides the time history of the drag coefficients at the
mid span of the two cylinders at various pitch ratios. These time histo-
ries are provided to demonstrate the nature of flip flopping between
the two modes within the biased regime.

Along with the instantaneous drag coefficients, a moving median
drag coefficient (of 100 convective cycles) and the average drag of the
four measurement locations are also highlighted. For pitch ratios of
L� 2 1:33; 1:5; 1:75f g, the two modes are easily distinguishable and
are separated using the procedure detailed in Sec. II B.

As the pitch ratio is increased, the difference in drag between the
two modes decreases. In addition, the time period for which a particu-
lar mode exists also decreases. The mean drag coefficients of the two

cylinders at various pitch ratios are provided in Table III. The differ-
ence in the mean drag between the two cylinders for L� ¼ 1:875; 2 is
larger than that seen when they are isolated. This indicates that the
flow in the gap is biased for these pitch ratios.

At closer pitch ratios (L� ¼ 1:2–1.8) and for lower Reynolds
numbers (Re � Oð103Þ, Chen et al. (2022) and Zeng et al. (2023)
found that the bias in the near wake is stable and does not flip flop.
This can be attributed to the smaller simulation time in the numerical
investigations. Transient force coefficients reported by Chen et al.
(2022) and Zeng et al. (2023) spanned� 1000 convective cycles (t�). It
is evident from the current investigation (Figs. 9 and 12) that the near
wake bias is stable for longer than t� � 103 at closer pitch ratios.

For L� ¼ 1:875; 2, the two modes are not easily distinguishable
from their time histories alone in the current investigation. Moreover,
the gap flow appears to be stably biased toward one cylinder for the
majority of the test duration instead of flip-flopping. Thus, for these
pitch ratios, the cylinder with the larger time mean drag coefficient is
considered to be in the NW mode for the entirety of the test and that
with the smaller drag coefficient is considered to be in the WWmode.

Noting that the setup in the current investigation is asymmetric
with respect to the wind tunnel centerline for L� < 2:25, it is uncertain
from the current results whether the stably biased flow at L�

¼ 1:875; 2f g is inherent to flow over two cylinders placed beside each
other. The small difference in mean drag coefficients of the two modes
in the left and right configurations indicates that the inherent asymme-
try with the setup has only a minor influence, if any.

Figure 13 presents the surface pressure coefficients resulting from
the two modes within the biased regime. Note that these pressure coef-
ficients are averages from the four measurement locations and
repeated tests. However, for the sake of clarity, the lower cylinder is
assumed to be in the wide-wake mode. The convention for the azi-
muthal angle stays the same as for Figs. 7 and 8.

The mean pressure distribution for the two modes in the biased
regime is given in Fig. 13(a). Supporting the time histories in Fig. 12,
the difference between the two modes decreases as the pitch ratio
increases. At L� ¼ 1:875, the mean pressure distributions arising from
the two modes are relatively similar except for the wide-wake mode
experiencing a slightly larger base pressure that results in slightly lower
drag.

Continuing from the parallel vortex regime (Fig. 7), a decrease in
the pitch ratio causes a further shift in the stagnation point of the cylin-
der toward the gap. As the two cylinders are moved closer from
L� ¼ 1:75, the similarity in the pressure distributions in the inner half
of the two modes also extends further downstream. The mean pressure
distributions of the two modes deviate at �270� for L� ¼ 1:18, while
they deviate at�294� for L� ¼ 1:75.

Figure 13(b) gives the fluctuating pressure distribution for various
pitch ratios in the biased regime. No prominent distinction is seen in
the fluctuating pressures for two modes for L� ¼ 1:875. Fluctuations
in the base region for the WWmode are larger than those seen for the
NW mode for L� ¼ 1:5. However, this trend reverses for L� ¼ 1:18.
The NW mode for L� ¼ 1:18 exhibits much larger fluctuations in the
pressure than the WWmode. Moreover, a local region of large fluctua-
tions exists in the base region of inner half, i.e., over 125� � h � 180�,
indicating a vortex roll up closer to the surface of the cylinder.

This irregular variation across pitch ratios results in uncertain
trends in the variation of rCD between the two modes, as seen in
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Fig. 5(a). However, it is evident that the fluctuations over the circum-
ference increase with pitch ratio from L� ¼ 1:5 for both modes. This
results in an increase in rCD and rCL with increasing pitch ratio from
L� ¼ 1:5.

The coefficient of base pressure, the estimates of the separation
angle and stagnation angle for various pitch ratios are plotted in
Fig. 14 and the details of previous investigations compared in the fig-
ure are given in Table IV.

It is evident from Figs. 4(a) and 13(a) that the variation in the
drag coefficient with pitch ratio closely follows the variation in the
(negative) base pressure coefficient. Current trends in CPb agree well
with those reported by Bearman and Wadcock (1973) for smooth cyl-
inders at Re ¼ 2:5� 104.

The two wake angles hw2 and hw1 are presented in Figs. 13(b) and
13(c), respectively. These angles provide useful estimates for the angle
at which the boundary layer separates from the surface of the cylinder.
Both the estimates suggest that the boundary layer separation occurs
further downstream on the inner half than on the outer half, regardless
of the mode. Consequently, a cross-stream force toward the outer half
(i.e., repulsive lift) is observed at all pitch ratios. The difference between
the separation angles on the two halves increases as the pitch ratio
decreases, thus increasing the lift coefficient in both modes.

At all pitch ratios, the separation angle on the outer half is
upstream of that seen for an isolated cylinder, while it is always down-
stream on the inner half. At the same azimuthal location, the boundary
layer on the cylinder is expected to be thinner on the inner half than
that on the outer half, since it travels a shorter distance on the surface
of the inner half due to the movement of the stagnation point toward
the inner half. This results in a later separation of the inner half.

Moreover, the boundary layer separates at a similar location for
both modes on the outer half. On the inner half, however, flow separa-
tion occurs earlier while in the WW mode than in the NW mode.
Interestingly, the location of separation for the WWmode on the inner
half remains nearly constant across the biased regime. On the other
hand, the separation angle for the NW mode on the inner half
decreases with increasing pitch ratio.

Also provided in Fig. 13(c) are the estimates of the boundary
layer separation angles from the numerical investigation of two

smooth cylinders placed side by side at Re¼ 3900 (Afgan et al., 2011).
For a given pitch ratio, wake angles identified in the current investiga-
tion are larger than the separation angles in Afgan et al. (2011) by
	 10�. Prominent differences in Reynolds number and surface rough-
ness could be the reason behind this difference. More importantly, the
trends in the separation angle from both investigations are in excellent
agreement, i.e., boundary layer separation on the outer half is similar
for the two modes and occurs later as pitch ratio is increased, the
boundary layer corresponding to the WWmode in the inner half sepa-
rates at a similar azimuthal location across the biased regime, and the
boundary layer corresponding to the NW mode separates further
downstream than the WWmode and earlier as pitch ratio is increased.

Figure 13(d) indicates that the flow close upstream of the cylinder
deflects toward the inner half as the cylinders are moved closer to each
other. At the closest separation tested, hst, which is the deviation in the
stagnation angle, is as large as�24�.

The variation of the azimuthal location of stagnation between the
two modes requires further clarification. Current results indicate a
non-negligible difference in the stagnation point locations between the
two modes in the biased regime. The WW mode results in a lower
stagnation angle when compared to the NWmode. Zeng et al. (2023),
for two smooth cylinders at Re¼ 3900, reported a similar trend.
However, Chen et al. (2022) averaged the stagnation angles between
the two modes, perhaps suggesting that there is no significant devia-
tion between the two for a given pitch ratio.

Using particle image velocimetry (PIV), Sumner et al. (1999) esti-
mated the deflection angle of the near wake behind two smooth cylin-
ders in the side-by-side arrangement at Re ¼ 1200–3000. These wake
deflection angles hd vs pitch ratio are also plotted in Fig. 13(d). Note
that hd presented here are the mean values from Sumner et al. (1999)
and the instantaneous wake deflection oscillates with a non-negligible
amplitude.

It is evident that the mean deflection in the near wake is close to
the deviation in the stagnation angle toward the inner half. In addition,
hw1 - hw1isolated is within 5� of hst for the NW mode in the inner half (in
the current results). This suggests that in the inner half, the NW mode
is similar to the flow on an isolated cylinder with an additional rotation
imparted to the stagnation, separation and the wake deflection angles.

FIG. 15. Mean pressure coefficient on the
surface of the two cylinders when in the
WW mode.
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The WWmode, however, separates at a similar angle in the inner half
across pitch ratios despite the deviation in the stagnation point.

As mentioned previously, entries of hst for L� ¼ 1:5; 2 in table 2
of Bearman and Wadcock (1973) were interchanged. The estimates
from Bearman and Wadcock (1973) after correcting agree with the
current estimates. Alam et al. (2003) found a larger deflection in the
flow at L� ¼ 1:5 than observed in the other investigations, and the rea-
son for this difference is uncertain. Note, however, that the stagnation
angles from Alam et al. (2003) are our estimates from the reported
mean pressure distribution plots and are not direct reported measure-
ments from that study.

Interestingly, neither the stagnation angle nor the separation
angle have saddle points in 1:18 � L� � 2:25. However, a minimum
in �CPb and hence, in CD, exists near L� � 1:5 for both the NW and
WWmodes in the current investigation. A minimum in CD with vary-
ing pitch ratio in the biased regime also exists in the case of flow over
two square cylinders placed side-by-side (Alam et al., 2011). This fur-
ther suggests that the CD minimum is not related to the variation in
the location of boundary layer separation with pitch ratio.

Bearman (1967) noted that the base pressure of a bluff body is
closely related to the entrainment within its wake region, i.e., the
region enclosed by the separated shear layers. An increase in the
entrainment in the near wake reduces the base pressure and vice versa.
A reduction in the base pressure would cause an increase in the drag.

Compared to cylinders that are in contact (L� ¼ 1), an increase
in pitch ratio allows the passage of low momentum fluid through the
gap (Bearman and Wadcock, 1973). The low momentum fluid sup-
ports some of the entrainment required by the shear layers thus reduc-
ing the same within the wake. This results in a downstream movement
of the vortex formation region, thus increasing the base pressure and

decreasing the drag. Beyond a certain pitch ratio, a further increase in
the gap allows higher-momentum fluid to pass through, which entrains
fluid from the shear layers thus inducing an earlier vortex roll up.

The mean pressure distributions on the surface of the cylinder at
various pitch ratios further help to demonstrate this effect since the
pressure on the surface of the cylinder in the inner half is indicative of
the velocity of the flow through the gap.

The mean pressure distributions in the WW mode at various
pitch ratios are presented in Fig. 15. Here, the WW mode is chosen
over the NW mode since the variation in CP is expected to be more
pronounced as the variation in CD of the WW mode in the biased
regime is larger [Fig. 4(a)].

Substantiating (Bearman and Wadcock, 1973), the minimum
pressure in the inner half varies non-monotonously with pitch ratio in
the biased regime. With an increase in the pitch ratio from L� ¼ 1:18,
the minimum pressure increases until L� ¼ 1:5. Bleed flow with low-
momentum fluid in the gap results in an increase in pressure. On fur-
ther widening the gap from L� ¼ 1:5, high-momentum fluid in the
gap results in a decrease in pressure in the inner half.

The variation of the base pressure is inline with the minimum
pressure, i.e., base pressure increases from L� ¼ 1:18 to L� ¼ 1:5 and
decreases beyond that. Concomitant with �CPb , the drag coefficient
forms a minimum at L� ¼ 1:5

F. Intermediate modes in L* 5 1:18; 1:2

Figure 16 presents the drag coefficients measured in an interval
of the sampling period against convective time for L� ¼ 1:18. It dem-
onstrates the existence of an intermediate mode in the near wake (in
addition to the conventional NW andWWmodes).

FIG. 16. Time histories of the drag coefficients of the two cylinders at the two spanwise measurement planes for L� ¼ 1:18 at Re 	 3� 105. Green line: time-average drag
(average of all four locations). Black line: Moving median of 100 convective cycles.
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Three periods are highlighted in the figure.

(1) The NW mode when the median drag coefficient is larger than
the time-mean drag over the sampling period, e.g., CD1a in
200 � t� � 2200.

(2) The WW mode when the median drag coefficient is lower, e.g.,
CD2a in 200 � t� � 2200.

(3) An intermediate mode where the drag coefficient is either less
than CDNW or greater than CDWW , thus leading to a difference in
median drag of the two cylinders that is smaller than CDNW

�CDWW but is non-negligible, e.g., CD1a ; CD2a in 3100
� t� � 5100.

These time intervals span more than 1000 convective cycles (i.e.,
more than 100 shedding cycles at the WW frequency), indicating that
the flow pattern in each of these intervals is stable. Note that the

conventional high-drag and low-drag refer to the “NWmode” and the
“WW mode,” respectively, while the stable modes that result in drag
between the extremes are collectively referred to as “Intermediate
modes.” The NW, the WW, and the intermediate modes are due to
the maximum bias toward, maximum bias away and intermediate
biases, respectively, from the cylinder.

While in the intermediate mode in 3100 � t� � 5100, the differ-
ence in the time-mean drag of the two corresponding cross sections at
the midplane (i.e., CD1a � CD2a ) is	4% of the mean drag. In compari-
son, CDNW � CDWW is 	16% of 0:5ðCDNW þ CDWW Þ. This suggests that
the gap flow, while in the intermediate mode is less biased than that
in the two more conventional wake modes (NW andWW). Moreover,
the non-negligible difference between the drag coefficients in the inter-
mediate mode indicates that although the bias is small, it is still non-
zero.

FIG. 17. (a) Mean and (b) fluctuating
pressure coefficients on the surface of the
two cylinders at Re ¼ 3� 105 in the time
periods shown in Fig. 16.
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The mean and fluctuating pressure coefficients for the corre-
sponding time periods in Fig. 16 are given in Fig. 17. It is evident that
in 200 � t� � 2200, cylinder 1 is in the NW mode with a lower mean
base pressure, larger fluctuations, and later separation in the inner half.
On the other hand, cylinder 2 is in the WW mode with a larger mean
base pressure, lower fluctuations, and earlier separation in the half fac-
ing the gap.

The pressure distribution and the corresponding force coeffi-
cients in 3100 � t� � 5100 are different from both the narrow-wake
and wide-wake distributions. The difference between the base pres-
sures on the two cylinders is small compared to that between the
narrow-wake and wide-wake modes. This results in a smaller differ-
ence in the drag coefficients.

In addition, over 200 � t� � 2200, the gap flow is biased over both
the cross sections. On the other hand, in 3100 � t� � 5100, gap flow is
less biased in the cross section at mid span. In the cross section at þ2D,
cylinder 1 is in the WW mode, indicating a gap flow bias away from it,
but cylinder 2 is in theNWmode only in 3600 � t� � 4200. This implies
that different cross sections across the span of one cylinder could possibly
be biased, less biased, or unbiased at L� ¼ 1:18. Moreover, one cross sec-
tion could experience a gap flow bias away from it (lower drag than the
time mean) while the corresponding cross section on the other cylinder
experiences a less biased (similar drag as the time-mean) gap flow.

At a much lower Reynolds number of Re ¼ 500–3000, Sumner
et al. (1999), using PIV, found an intermittent “nearly symmetric near-
wake” behind two smooth cylinders placed side-by-side with
L� ¼ 1:125. For high subcritical flow (Re ¼ 4:7–5:5� 104), Alam and
Zhou (2007) reported that the gap flow intermittently sweeps around
the cylinder in the NW mode, forming a separation bubble at
L� ¼ 1:1. There was no separation bubble at L� ¼ 1:2 and multi-
stable gap flow with and without the bubble at L� ¼ 1:13. On compar-
ing the pressure distributions in Fig. 17(a) and those presented in
Alam et al. (2003) when a separation bubble exists, it is clear that the
intermediate modes at L� 2 1:18; 1:2f g in the current investigation
are not caused by an intermittent separation bubble. Rather, the cur-
rent intermediate modes are due to intermittent “nearly symmetric”
flow behavior as reported by Sumner et al. (1999).

Figure 18 gives spectra of lift fluctuations in the time periods
identified previously in Fig. 16. Unlike the spectra at L� ¼ 1:5 shown
in Fig. 11(b), both modes contain a prominent frequency at
fD=U1 � 0:1. This suggests that the frequencies in lift in the shedding
of one cylinder also excite the other cylinder, consistent with the small
gap between the two cylinders. The spectrum corresponding to the
NW mode additionally has a relatively less prominent broadband pla-
teau near fD=U1 	 0:3–0:4, suggesting a weak periodicity of the
larger harmonic mode of vortex shedding.

FIG. 18. Spectra of fluctuations in lift in the time periods shown in Fig. 16.

FIG. 19. Mean and fluctuating velocity distributions beside an isolated cylinder of the same surface roughness in an incoming Reynolds number of 2:9� 105. Text beside each
curve indicates the downstream location from the center of cylinder. Successive curves are offset to increase legibility. Data from Pasam et al. (2023).
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Interestingly, no prominent frequency peaks are found in the
spectrum corresponding to 3100 � t� � 5100, where the gap flow is
less biased. This implies a further reduction in the periodicity of lift
fluctuations in the intermediate mode. The lift spectrum given in Fig. 6
contains a faint peak at fD=U1 � 0:21 unlike the spectra given in
Fig. 18. The spectra shown in Fig. 6 are averages of spectra from all the
tests done at a given pitch ratio and Reynolds numbers, and hence
should be able to identify less prominent frequencies due to reduced
noise.

G. Velocity profiles beside an isolated cylinder

Flow configurations found at various pitch ratios in the current
system of two cylinders are expected to be strongly influenced by dif-
ferences in the interaction of shear layers emanating from the two cyl-
inders. Although the presence of a second cylinder alters the behavior
of separated shear layers, the velocity distribution beside an isolated
cylinder could still provide insight into understanding the wake flow
behavior behind a two cylinder arrangement.

Figure 19 overlays the identified flow regimes over the mean and
fluctuating velocity distributions beside an isolated cylinder at a
Reynolds number of 2:9� 105. The boundaries of various flow
regimes in the two cylinder arrangement are halved in the figure to
account for shear layers from both the cylinders. For example, the
minimum in CD occurs at L� ¼ 1:5, this corresponds to shear layer
interaction at Y=D ¼ 0:75 from the center of either cylinder.

Notably, these measurements are done in the same facility, in
flow over one of the two cylinders used in this investigation. A single-
axis hot film anemometer was mounted on a traverse to obtain these
distributions. This setup is explained in further detail in Pasam et al.
(2023). The data presented here are reproduced from figure 21 in
Pasam et al. (2023). Note that the velocity presented here is the in-
plane velocity, i.e., V ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

where u; v; and w are the stream-
wise, cross-stream, and spanwise velocities, respectively. In addition,
V ; Vref ; rV , and Y refer to the mean in-plane velocity, the reference
velocity, the standard deviation of the in-plane velocity, and the cross-
stream distance measured from the center of the cylinder, respectively.

As mentioned previously, “intermediate wake modes” are the
modes with less bias or no bias in the wake and are less coherent in the
spanwise direction compared to the traditional narrow-wake and
wide-wake modes. These modes are seen for pitch ratios L� � 1:2. It is
clear from Fig. 19 that at these pitch ratios, the cylinders are close
enough that the separated shear layers from the two cylinders interact
closer than 0.5D downstream of the cylinder.

The boundaries of the remaining flow configurations are not as
clearly pronounced in the velocity distributions. As the two cylinders
are moved closer from large pitch ratios (L� ¼ 6), bias in the wake first
occurs at L� � 2:25, which appears to be a pitch ratio at which the
shear layers from the two cylinders interact near � 2D downstream
from the center of the cylinder. Flip flopping between the two modes is
seen for L� � 1:75 which corresponds to shear layer interaction near
�1D downstream of the cylinder.

The vortex formation length downstream of a smooth cylinder in
postcritical flow is expected to be between 1 and 2 diameters down-
stream from the center (Ljungkrona et al., 1991). Hence, it comes as
no surprise that the pitch ratio for the first appearance of the two
modes is also the one where the separated shear layers from the two
cylinders interact close to the vortex formation length. The pitch ratio

where the flip flopping between the two modes starts is the one where
the shear layers interact upstream of the vortex formation length.

IV. CONCLUSIONS

Despite numerous previous investigations on the aerodynamics
of two cylinders placed side by side, knowledge of postcritical flow over
this geometrical arrangement remains limited. Even at subcritical
Reynolds numbers, there are inconsistencies in some key aerodynamic
parameters in the experimental studies. The current investigation
reports on and interprets the flow behavior over two rough cylinders
placed side by side in the postcritical regime and presents the mea-
sured aerodynamic coefficients and their dynamic behavior. Beyond
that, together with the study of Pasam et al. (2024) on two rough inline
cylinders, this study is directed toward providing a framework for
understanding the more general arrangement of the two rough cylin-
ders in the postcritical regime with both streamwise and cross-stream
distance between them.

The relative surface roughness used in this investigation is
ks=D ¼ 1:9� 10�3 and each cylinder has an individual blockage of
5%. The Reynolds number of the incoming flow is maintained at
�3� 105 and the pitch ratio L� varied from 1.18 to 6. While many
aspects of the qualitative flow behavior in the postcritical regime are
found to be analogous to those in subcritical Reynolds regime, there
are some distinct differences, and quantitatively, there are considerable
variations in the magnitudes of flow variables such as the drag and lift
coefficients. The key findings of this investigation are as follows.

(1) At a moderate spacing of L� ¼ 6, the mean drag coefficients of
the two cylinders are the same to within experimental uncer-
tainty. The drag coefficient, CD, is 1.5% larger than that
observed for an isolated cylinder after adjusting for the same
blockage as two isolated cylinders. This is in agreement with the
findings of Bearman and Wadcock (1973) for two smooth cylin-
ders at Re ¼ 2:5� 104. However, Alam et al. (2003)
(Re ¼ 5:5� 104) found agreement between the CD of either cyl-
inder at large pitch ratio and that of an isolated cylinder even
without accounting for changes in the blockage.

(2) In the biased regime, minima in the CDs of the cylinders experi-
encing the narrow-wake (NW) and wide-wake (WW) modes
are observed near L� � 1:5. The corresponding minimum in
the averaged drag of the two cylinders, i.e., 12 ðCDNW þ CDWW ), is
� 1:5% greater than the blockage-adjusted CD of an isolated
cylinder. This minimum is not correlated to the differences in
the location of boundary layer separation at different pitch
ratios. Rather, it is caused due to extrema in the minimum pres-
sure and base pressure on the circumferences of the cylinders.
An increase in the gap (from L� ¼ 1:18) reduces the minimum
pressure and base pressure on the inner halves of the cylinders
until L� ¼ 1:5. Beyond L� ¼ 1:5, both the minimum pressure
and base pressure increase with an increase in gap. This leads to
the minimum in CD at L� ¼ 1:5 for both cylinders (and modes).

(3) The gap flow is predominantly biased and flip flops toward
either cylinder in the region 1:18 � L� � 1:75. Within this L�

range, the mean drag of the two cylinders [i.e.,
1
2 ðCDNW þ CDWW )] is always larger than for an isolated cylinder
adjusted for 10% blockage. For subcritical Reynolds numbers,
Zdravkovich (1977) reported that the mean drag is always
smaller, while Alam et al. (2003) reported that the mean drag is
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smaller at certain pitch ratios than the mean drag on an isolated
cylinder (without accounting for blockage). Along with the dif-
ferences in measurement techniques, additional uncertainty
associated with blockage corrections could be the reason behind
this discrepancy.

(4) Recent numerical simulations (Chen et al., 2022; Zeng et al.,
2023) on two smooth cylinders placed side by side at low
Reynolds numbers (Oð103Þ) revealed that the cylinder experi-
encing the larger drag (i.e., that with the NW mode) also experi-
ences larger lift within the biased regime and outside the
transitional pitch ratio range. In contrast, Alam et al. (2003)
and Alam and Zhou (2007), through wind tunnel experiments
on the same arrangement at Re � Oð104Þ, reported otherwise,
i.e., that the (cylinder with the) NW mode has a lower lift coeffi-
cient than the WW mode irrespective of pitch ratio. In agree-
ment with the numerical simulations, current wind tunnel
investigations in the postcritical regime (Re � Oð105Þ) suggest
that the NW mode also experiences larger lift for
1:33 � L� � 1:75, while the lift coefficients of the two modes
are similar for L� 2 1:18; 1:2f g and L� 2 1:875; 2f g. While
these differences might be attributed to the differences in the
Reynolds numbers of the investigations and/or the measure-
ment techniques, an analysis of previous results on staggered
cylinder arrangements from Price and Paidoussis (1984) and
Sumner et al. (2005) suggests otherwise. Of note, the Reynolds
number of Price and Paidoussis (1984) (6:4� 104) is close to
that of Alam et al. (2003) (5:5� 104). Current results also indi-
cate that this discrepancy is not due to the influence of the
spanwise variation of the two modes on force measurements on
the cylinder. Furthermore, this investigation found that the lift
coefficients for the two modes, measured through the integra-
tion of pressures reported by Alam et al. (2003), do not agree
with the corresponding lift coefficients measured through load
cells [also reported by Alam et al. (2003)].

(5) The variation of stagnation angles on the cylinders with pitch
ratio in the current, and postcritical investigation are in good
agreement with numerical simulations of low Reynolds number
flows (Afgan et al., 2011; Chen et al., 2022; and Zeng et al.,
2023). This indicates that the influence of Reynolds number
and surface roughness on flow behavior immediately upstream
of the cylinders is minor, i.e., this aspect of the flow is geometry
dominated. Surprisingly, these stagnation angles are also found
to be in good agreement with the near wake deflection angles
measured using PIV in Sumner et al. (1999) for Re¼ 500–3000,
suggesting that the bias in the flow with respect to the line of
symmetry is similar both upstream and downstream of the
cylinders.

(6) For all pitch ratios, the separation angles for both wake modes
are similar on the outer halves of the two cylinders. In the inner
half,
(i) The boundary layer on the cylinder in the NW mode sepa-

rates later than in the WW mode for a given pitch ratio.
(ii) As the pitch ratio is increased from L� ¼ 1:18, the bound-

ary layer on the cylinder experiencing the NW mode sepa-
rates earlier.

(iii) The boundary layer on the cylinder with the WW mode
separates at the similar location at all pitch ratios.

These trends are in agreement with those found in the
numerical results from Afgan et al. (2011) for two smooth
cylinders at the much lower sub-critical Reynolds number
of 3900.

(7) Intermediate modes with little bias in the gap region were previ-
ously found in low Reynolds number flow [at L� ¼ 1:125 for
Re � 3000 in Sumner et al. (1999)] and for high subcritical flow
[for L� � 1:13 for Re ¼ 4:7� 104 in Alam and Zhou (2007)].
The current investigation confirms their existence in the post-
critical regime for L� 2 1:18; 1:2f g. While the modes in Sumner
et al. (1999) are a result of intermittent nearly symmetric gap
flow, those in Alam and Zhou (2007) are due to the intermittent
formation of a separation bubble in the inner half of cylinder in
the NW mode. Intermediate modes observed in the current
postcritical flows appear similar to the former. In addition, cur-
rent results suggest that intermediate modes reduce coherence
in the spanwise direction, i.e., adjacent cross-sections of the cyl-
inder could experience different biases in the gap flow. Over
1:33 � L� � 2, gap flow bias is the same at the two spanwise
cross-sections measured at two diameters apart.

(8) As the cylinders are moved closer from large pitch ratios, the first
appearance of the “narrow-wake mode” and the “wide-wake
mode” seems to be connected to the interaction between the
shear layers emanating from the two cylinders just downstream
of the vortex formation length. Flip flopping between the two
modes is seen at pitch ratios where the shear layers interact prior
to larger-scale wake vortex formation. The intermediate modes
appear when the pitch ratio is such that the separated shear layers
of the two cylinders interact immediately downstream of separa-
tion (<0:5D from the center of the cylinder).
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