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ABSTRACT

This study investigates the flow behavior over roughened inline cylinders for postcritical flow, a parameter space with relatively little prior
scrutiny. Two cylinders of the same relative surface roughness, ks=D ¼ 1:9� 10�3, separated by a pitch (i.e., L, distance between the centers
of two cylinders) between 1:175 � L=D � 10 are studied at Reynolds numbers from 3� 105 to 6� 105 using unsteady surface pressure
measurements. As pitch ratio is increased from L=D ¼ 1:175, CD of the downstream cylinder increases sharply at ðL=DÞc ¼ 3:25. This critical
pitch ratio ðL=DÞc is toward the lower end of the reported range for subcritical smooth cylinders. Asymmetric mean gap flow along with
alternating reattachment is found for 1:5 � L=D < 2:25 (i.e., two asymmetric modes in the gap, mode 1 and mode 2, that are the reflections
of each other), and symmetric gap flow with a continuous reattachment is found for 2:25 < L=D � 3. The gap flow is also symmetric for the
closest pitch ratio tested of L=D ¼ 1:175. While the change in upstream cylinder drag coefficient with Reynolds number broadly follows that
of an isolated cylinder, for the downstream cylinder, it is approximately independent. The critical separation is also insensitive to Reynolds
number within 3� 105 � Re � 6� 105. Transitions between the reattachment and the co-shedding flow are predominantly continuous over
the spanwise planes tested. On the other hand, alternating reattachment occurs in spanwise cells, where one sectional measurement exhibits
the asymmetric mode 1 while a spanwise-adjacent section exhibits the asymmetric mode 2 or even symmetric flow. Previously reported max-
ima in the fluctuating lift and drag coefficients of the downstream cylinder at L=D � 2:4 at subcritical Reynolds numbers are absent in the
current investigation.

VC 2024 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/10.1063/5.0221390

I. INTRODUCTION

Engineered structures such as heat exchangers, boilers, oil rigs,
and chimneys are often constructed from cylindrical or near cylindri-
cal components with circular cross sections. In many cases, such cylin-
drical structures are under the aerodynamic influence of other
structures nearby. This study focuses on a common arrangement, one
circular cylinder directly downstream of another, subject to varying
spacing, in an attempt to understand the complex aerodynamic inter-
actions between the two cylinders and the resulting forces on each
component. For the remainder of the paper, we refer to this arrange-
ment as the inline configuration. An investigation of the inline
arrangement serves as a foundation for the analysis of the more general
arrangement, where the two cylinders are separated in both streamwise
and cross-stream directions.

Within the context of flow over single cylinders, four flow
regimes: subcritical, critical, supercritical, and postcritical, have been

identified based on the behavior of the flow and forces as the Reynolds
number is increased. For the highest-Reynolds-number postcritical
regime, which is the focus of this study, the transition to turbulence in
the cylinder boundary layer occurs sufficiently far upstream that the
influence of further increases in Reynolds number is only minor
(Roshko, 1961).

Atmospheric flows over man-made structures are often postcriti-
cal owing to large diameters, high turbulence, high peak wind speeds,
and surface roughness due to imperfections caused by paint, weather-
ing, surface texture, corrosion, etc. The current work is aimed at
understanding this particular flow scenario, i.e., flow over two rough
inline cylinders in the postcritical regime.

Zdravkovich (1977), Sumner (2010), and Zhou and Alam (2016)
have reviewed experimental investigations involving the flow over two
cylinders in various arrangements subject to different Reynolds num-
bers. With the exception of Okajima (1979), Zdravkovich (1980), and
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Dubois and Andrianne (2022), the majority of the previous works on
inline cylinders have focused on smooth cylinders. In addition, only a
select few (e.g., Okajima, 1979; Schewe and Jacobs, 2019; Schewe et al.,
2021; and Dubois and Andrianne, 2022) have examined postcritical
Reynolds numbers.

Although roughness decreases the critical Reynolds number for
the occurrence of the drag crisis and increases the postcritical drag
coefficient, the flow over rough cylinders in the postcritical regime is
similar to that occurring over smooth cylinders. They both experience
periodic vortex shedding, a wider wake, and a similar dependence on
the changes in Reynolds number (Roshko, 1961; van Hinsberg, 2015;
and Pasam et al., 2023). Thus, two rough inline cylinders in the post-
critical regime may be expected to show similarities in behavior to two
smooth cylinders in the subcritical regime, at least in a qualitative
sense. Hence, we consider the features of the flow over inline smooth
cylinders to provide a baseline for comparison.

In the current investigation, cylinder spacing is represented using
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 diameter of each
cylinder (see Fig. 2). For inline cylinder flow, Zdravkovich (1987) clas-
sified the flow topology into three different patterns that are conse-
quences of pitch ratio and incoming flow properties. Other
investigators have put forward different classification schemes. As
many as eight flow configurations were identified in Igarashi (1984) in
2:5� 104 � Re � 6:4� 104 based on the intermittent flow structure
in the gap between the cylinder, and more recently, Zhou and Yiu
(2006) proposed a classification with four regimes. The current investi-
gation uses the nomenclature of the three regimes from Zdravkovich
(1987), which are illustrated in Fig. 1 and described as follows:

1. The extended body regime is observed at very small pitch ratios.
In this regime, the separated shear layers from the upstream cyl-
inder envelop the downstream cylinder forming only one vortex
street from each side of the cylinders. The two cylinders thus act
as a single bluff body, i.e. an “extended body.” This regime spans
1 < L� � 2 at Re � 104, and the upper bound rapidly decreases
with increasing Reynolds number (Igarashi, 1981; 1984).

2. The reattachment regime is when the downstream cylinder is
placed such that the shear layers from the upstream cylinder
reattach onto the downstream cylinder. For Re¼ 7000, Zhou and

Yiu (2006) found that shear layers reattach on the downstream
side (90� � h � 180�, where h is the azimuthal angle, see Fig. 2)
on the downstream cylinder at L� ¼ 2:5 while they reattach on
the upstream side (0� � h � 90�) for L� ¼ 4. At larger Reynolds
numbers, Zdravkovich (1977) and Alam et al. (2003) reported a
mean reattachment angle (based on circumferential pressure dis-
tributions) on the forward surface (0� � h � 90�) of the down-
stream cylinder for all reattachment pitch ratios. Alam et al.
(2003) further classified the reattachment regime into alternating
and steady reattachment at 1 < L� < 3 and 3 < L� < 4,
respectively.

3. The co-shedding regime is observed when the downstream cyl-
inder is sufficiently downstream that the separated shear layers
from the upstream cylinder roll up before reaching it. In this
regime, K�arm�an vortex shedding is observed from both the cylin-
ders. This regime is observed for L� >�4.

The boundaries between the different regimes depend on the
incoming Reynolds number (Sumner, 2010; Igarashi, 1981), the inci-
dent turbulence intensity (Ljungkrona et al., 1991), and the surface
roughness (Dubois and Andrianne, 2022).

The pitch ratio at which the flow state changes from a predomi-
nantly reattachment regime to a predominantly co-shedding regime is
known as the critical pitch ratio, L�c , and it lies in between L� ¼ 3–5
depending on Reynolds number (Sumner, 2010). The consequences of
this switch in flow regime are observed through the mean drag coeffi-
cient of the cylinders. For L� < L�c , the mean coefficient of drag the
downstream cylinder, CD2 , is negative while it changes to a positive
value for L� > L�c . A similarly significant jump is also seen in the fluc-
tuating drag and lift coefficients, rCD and rCL , of downstream cylinders
at L�c (Alam et al., 2003) (here, rx indicates the standard deviation of
x). Determination of this critical pitch ratio for the flow scenario more
relevant to high Reynolds number engineered structures, i.e., rough cyl-
inders in the postcritical regime, forms the first objective of this study.

In the reattachment regime at smaller pitch ratios, shear layers
emanating from the upstream cylinder reattach alternately onto the
downstream cylinder while steady reattachment is observed at inter-
mediate distances (Igarashi, 1984; Alam et al., 2003; and Sumner,
2010). Despite numerous studies, the exact nature of flow in the gap
region in the reattachment regime is still uncertain. In the subcritical
regime, the gap region is found to contain quasi-steady vortices, inter-
mittent shedding, or an upstream jet near the centerline depending on
L� (Igarashi, 1984; Sumner, 2010). While more recent studies (Aasland
et al., 2023; 2022; Lin et al., 2002) investigated the flow structure in
detail using direct numerical analysis (DNS), stability analysis, or parti-
cle image velocimetry (PIV), these studies focused on only a few pitch
ratios and low Reynolds numbers, Re � Oð104Þ. A comprehensive
work investigating more pitch ratios is necessary to better understand
the flow phenomena in the postcritical regime and the gradual changes
induced with varying pitch. This forms the second objective of the cur-
rent investigation.

Alam et al. (2003) found a local maximum in the fluctuating coef-
ficients, rCL;max ¼ 0:8 at L� ¼ 2:4 that was linked to a minimum in the
angle at which the shear layers from the upstream cylinder reattach on
the downstream cylinder. It was later proposed that this minimum
occurs due to the variation in the location of laminar to turbulent tran-
sition in the shear layers post separation from the upstream cylinder
(Alam, 2014). The fluctuating forces (rCD and rCL ) on the downstream

FIG. 1. Schematic of the representative flow structure in the co-shedding and the
reattachment regimes.
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cylinder at L� ¼ 2:4 reported in Alam et al. (2003) and Alam (2014)
were as large as � 2:5 times those seen on an isolated cylinder. In the
current study, the incoming Reynolds number is in the postcritical
regime. Since the boundary layer on the upstream cylinder would be
turbulent before separation, this local maxima is expected to be absent.
Given the limited knowledge of fluctuations in the lift and drag, the
current investigation aims to confirm the absence of this maximum
and provide estimates of the fluctuations in lift and drag in the post-
critical scenario.

Table I further highlights the lack of a comprehensive study on
rough, inline cylinders in postcritical flows. As mentioned previously,
very few studies have so far dealt with postcritical flows. Exceptions are
Okajima (1979) at 6:2� 105 with a rough upstream cylinder, Gu et al.
(1993) at 6:5� 105 with turbulent inflow, and Schewe and Jacobs
(2019) at 107 but only for three pitch ratios. Even fewer studies have
considered rough cylinders (Okajima, 1979; Zdravkovich, 1980; and
Dubois and Andrianne, 2022). Okajima (1979) applied surface

roughness only to the upstream cylinder to reduce the critical
Reynolds number. Zdravkovich (1980) made use of sandpaper to sim-
ulate high Reynolds numbers on two finite and staggered cylinders.
Recently, Dubois and Andrianne (2022) studied the influence of pitch
ratio and Reynolds number on inline cylinders with a relative surface
roughness ratio of k=D ¼ 7:2� 10�3. While they measured the
unsteady forces on the cylinders, the maximum L� tested was only 1.8,
and hence the existence of a local peak (similar to Alam et al., 2003) in
the fluctuating properties remains uncertain.

In addition, the majority of the investigations on inline cylinders
have used cross-sectional pressure measurements to obtain the drag
and lift coefficients for a given configuration (Sumner, 2010; Zhou and
Alam, 2016). A few (Zdravkovich and Pridden, 1977; Alam et al.,
2003; and Schewe et al., 2021) have employed direct force measure-
ments. Neither circumferential pressures at a single cross section nor
force measurements provide information about the spanwise variation
of the flow patterns. Thus, it is uncertain whether the transitions in

FIG. 2. Schematic of the setup. (a) Two
cylinders installed in the wind tunnel at
L� ¼ 1:175, (b) azimuthal distribution of
pressure ports, and (c) definitions of vari-
ous terms.

TABLE I. A non-exhaustive list of previous experimental investigations concerning inline cylinders in postcritical flows.

Investigation Reynolds number(s) Pitch ratios Surface roughness

Okajima (1979) 0:4� 6:5� 105 1.07–6.3 Rough upstream cylinder
Gu et al. (1993)a 6:5� 105 1.05–7 Smooth cylinder
Schewe et al. (2021) 8� 105–107 1.56, 2.8, 4 Smooth cylinder
Dubois and Andrianne (2022) 0:2� 4� 105 1.2–1.8 Two rough cylinders, k=D ¼ 7:2� 10�3

Current 3� 6� 105 1.175–10 Two rough cylinders, k=D ¼ 1:28� 10�3; ks=D ¼ 1:9� 10�3

aIncoming turbulence, Tu ¼ 10%.
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flow between various regimes occur over the entire span of the cylinder
simultaneously. Carmo et al. (2010) reported cell structures across the
span for a Reynolds number of 200 using stability analysis and numeri-
cal simulations. More recently, Aasland et al. (2022) observed cellular
bi-stability for a Reynolds number of 104 using direct numerical simu-
lations. However, experimental investigations of the spanwise structure
appear absent, especially for postcritical flows. Knowledge of spanwise
variations is critical in determining the overall loads in engineering
applications.

To summarize, the current investigation is aimed at understand-
ing the postcritical flow over inline cylinders with an emphasis on
addressing the following uncertainties:

1. What is the critical pitch ratio in the postcritical flow regime?
How does a further increase in Reynolds number impact the
force coefficients?

2. How do the reattachment and wake flow patterns vary with pitch
ratio in the reattachment regime?

3. Do the prominent maxima in the fluctuations of drag and lift
seen in the subcritical regime exist in the postcritical regime? In
their absence, how do the fluctuations vary with the pitch ratio?

4. How does the shear layer reattachment in the bistable regime
and inside the reattachment regime vary across the span? Is there
a variation with pitch ratio?

The remainder of this article is split into three sections. Sec. II
describes the experimental setup used in this investigation and dis-
cusses the data acquisition and processing techniques. Section III
presents the results and the corresponding analysis and discussion.
Section IV concludes this work with a summary of the important per-
spectives and findings.

II. METHODOLOGY

The experiments were conducted in a closed loop wind tunnel
with a rectangular cross section of 2000� 4000mm2. The turbulence
intensity of the incoming flow was measured to be 1.35%. The dis-
placement and momentum thickness of both the roof and floor
boundary layers at this position are �12 and �10mm, respectively.
The mean velocity at any point outside the boundary layers is within
0.5% of the global mean in the vertical center plane.

The two cylinders used are of equal diameter of D¼ 204mm. For
all the tests except the largest pitch ratio, the downstream cylinder is at
the streamwise center of the constant-area section while the upstream
cylinder is translated on rails to adjust the pitch ratio, L�. The down-
stream cylinder is installed vertically at 4600mm from the start of the
constant-area test section. Both the cylinders span the entire vertical
dimension (2000mm) of the working section, thereby resulting in an
aspect ratio of �9:8 and a blockage ratio of 5.1%. The surface of the
cylinder is made rough by wrapping it with P60 sandpaper (see Pasam
et al., 2023 for further details). The mean thickness of the sandpaper is
included in the diameter, and the resulting relative roughness is
k=D ¼ 1:28� 10�3, where k is the average sand–grain diameter on
the sandpaper specified by the manufacturer. A conversion factor of
ks=k ¼ 1:5 is applied, which is obtained from the results of Achenbach
and Heinecke (1981) and Speidel (1954), thereby giving
ks=D ¼ 1:9� 10�3. Here, ks is the equivalent sand–grain roughness
that results in a similar frictional velocity deficit in a fully rough chan-
nel flow (Nikurdase, 1933).

On each cylinder, two cross sections, one at the middle of the
span and another two diameters above the mid-plane, are instru-
mented in order to measure the instantaneous surface pressure distri-
butions. Each of these planes contain 30 pressure ports distributed
uniformly in the azimuthal coordinate. The geometry of the setup is
given in Fig. 2. Pressure from these ports was measured at 2000Hz
using a Turbulent Flow Instrumentation (TFI) Dynamic Pressure
Measurement System. These measurements were taken for a mini-
mum of 120 s, which encompasses �2000 shedding cycles. Longer
samples (�4000 shedding cycles) were taken for pitch ratios where the
flow is observed to be bistable in nature. A transfer function was
applied to pressure measurements based on the diameter and length of
the pressure tubing according to Bergh and Tijdeman (1965). The
time-varying pressure signals were transformed into the frequency
domain, and this transfer function was applied before transforming
the data back into time domain. The cutoff frequency for pressure sig-
nals was chosen to be the frequency at which the theoretical amplitude
response falls below 0.25, at f � 630Hz. The largest shedding fre-
quency in the current tests is �50Hz and the Kelvin–Helmholtz
(K–H) frequencies reported in Sec. III F 3 are � 400Hz. Mean and
fluctuating cross-sectional force coefficients are obtained by integrating
the circumferential pressure distributions.

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

Cvga ¼
Fvga

0:5qU21D
; (1)

where v 2 fD; Lg; g 2 f1; 2g, and a 2 fa; bg. Here, 1 and 2 indicate
the upstream and the downstream cylinders, respectively, while a and
b indicate the locations of measurement at the midspan and two diam-
eters above the span, respectively. Coefficients without the subscripts
(a or b) indicate the spanwise averages on the cylinder. The dimen-
sional 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. Further
details on the setup are provided in the study by Pasam et al. (2023),
which documented the flow over a roughened single cylinder.

III. RESULTS AND DISCUSSION

Figure 3 provides the variation of the sectional mean drag coeffi-
cient with the Reynolds number of the isolated roughened cylinders
that were tested in the current setup. Note that all the data presented
in Fig. 3 are corrected for the blockage following the procedure out-
lined in Roshko (1961) (originally proposed by Allen and Vincenti,
1944 and later verified by Farell et al., 1977). The results are in good
agreement with previous works that incorporate similar relative rough-
nesses, thus validating the setup used. The variation of the isolated
CD between the two cylinders of the same roughness used in the cur-
rent work is <3% over the range of Reynolds numbers presented and
is � 1% at Re ¼ 3� 105. Note that the results from the two cylinder
system were not modified to account for the wall interference since the
influence of proximity of walls on the interactions between the two cyl-
inders and the applicability of corrections is uncertain.

A. Mean and fluctuating force coefficients

Figures 4(a) and 4(b) give the variation of the mean coefficient of
drag, CD, for each cylinder, with a pitch ratio, L�, for a Reynolds
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number of 3� 105. While Fig. 4(a) gives a comparison with a repre-
sentative result for smooth inline cylinders in subcritical flow, Fig. 4(b)
provides a comparison of the results from previous investigations of
rough cylinders inline. Note that Okajima (1979) only roughened the
upstream cylinder by covering it with thin polystyrene.

When the downstream cylinder is positioned far downstream at
L� ¼ 10, the mean coefficient of drag of the upstream cylinder, CD1 , is
very close to that of a single isolated cylinder of the same roughness at

the same Reynolds number. As the downstream cylinder is moved
closer, at pitch ratios of 3:25 < L� � 4; CD1 increases by a small
amount due to the aerodynamic interference of the downstream
cylinder.

As L� is decreased further, the shear layers of the upstream cylin-
der reattach for the first time at L� ¼ 3:25, albeit only intermittently.
The temporal prevalence of reattachment can be ascertained from the
mean CD1 of the upstream cylinder. Specifically, CD1 when the shear
layers reattach on the downstream cylinder is lower than that when
they roll up in front of it and hence, lower CD1 in the bistable region
over the test duration (120 s or a non-dimensional time of 2:4� 104,
based on the convective timescale, i.e., t� ¼ tU1=D) indicates a longer
reattachment. Thus, from Fig. 4, it is evident that at L� ¼ 3:125, the
shear layers reattach more often on the downstream cylinder and roll
up occasionally. The pitch ratio range of 3 < L� � 3:25 covers the
bistable region for an incident Reynolds number of 3� 105. This bist-
ability and the intermittency are further explored in Sec. III E.

The smallest pitch ratio at which co-shedding is dominant, the
critical pitch ratio, L�c , is found to be 3.25 in the current study. For sub-
critical flows, critical pitch ratios reported in the literature span the
range 3–5 (Sumner, 2010) and tend to get smaller as the Reynolds
number is increased. This is due to the concomitant decrease in forma-
tion length as Reynolds number increases. Ljungkrona et al. (1991)
reported a positive correlation between the critical pitch ratio and the
formation length as Reynolds number is changed.

For smooth inline cylinders at a much lower Re (�2� 104),
Ljungkrona et al. (1991) found an L�c of 3.25 and 1.4 for incident flows
with turbulence intensities of 0.1% and 1.4%, respectively. Incident tur-
bulence intensity in the current investigation is 1.3%, but L�c is 3.25.
However, Ljungkrona et al. (1991) investigated a much lower
Reynolds number than considered here. An increased turbulence
intensity in flow over smooth cylinders in the upper subcritical regime
can cause early transition to the critical regime. Consequently, the for-
mation length and thus the critical pitch ratio can change notably. An

FIG. 3. Comparison of the blockage-corrected mean drag coefficient of the isolated
cylinder with previous studies. 	 	 	 	 	 	� 	 	 	 	 	 	: Achenbach (1971),
ks=D ¼ 1:1� 10�3; 	 	 	 	 	 	� 	 	 	 	 	 	: van Hinsberg (2015), ks=D ¼ 1:2� 10�3;
	 	 	 	 	 	w 	 	 	 	 	 	: G€uven et al. (1980), ks=D ¼ 3:11� 10�3; dotted brown-filled
diamond: Pasam et al. (2023), ks=D ¼ 1:1� 10�3; dotted red asterisk: Pasam
et al. (2023), ks=D ¼ 3� 10�3. Dotted left-pointed green-filled triangle: upstream
cylinder in the current work, ks=D ¼ 1:9� 10�3; dotted right-pointed purple-filled
triangle: downstream cylinder in the current work, ks=D ¼ 1:9� 10�3.

FIG. 4. A comparison of the variation of the mean drag coefficient with pitch ratio from different works [both (a) and (b)—split for clarity]. –––�–––: Alam et al. (2003);
down-pointed green triangle: Okajima (1979); blue diamond: Dubois and Andrianne (2022); red circle: current, Re ¼ 3� 105. Filled symbols: Upstream cylinder (CD1 ). Empty
symbols: downstream cylinder (CD2 ); – – –: isolated cylinder (see Table I for differences in setup across investigations).
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increase in turbulence intensity in postcritical flows is expected to have
a less prominent influence.

The mean drag coefficient of the downstream cylinder, CD2 , at
the largest pitch ratio tested (L� ¼ 10) is only 60% of that of an iso-
lated cylinder. This could be partly due to the use of a higher velocity
for normalization than is incident on the downstream cylinder and is
discussed in Sec. IIID. CD2 decreases as it is moved further upstream
in the reattachment regime. CD2 when the upstream shear layers are
reattaching on the downstream cylinder is considerably lower than the
CD2 in the co-shedding regime and is negative (i.e., the downstream
cylinder experiences thrust). During reattachment, the pressure over
the forward surface of the downstream cylinder is lower than that on
the rear surface, thus causing a suction toward upstream that results in
negative drag. The pressure distribution on the downstream cylinder is
further discussed in Sec. III E.

The agreement in the mean drag coefficient across different
investigations is better for the downstream cylinder inside the reattach-
ment regime than for the upstream cylinder or the downstream

cylinder outside the reattachment regime. Inside the reattachment
regime (L� < L�c Þ, the incoming flow and the ensuing boundary layer
on the downstream cylinder are highly turbulent. Thus, the influence
of the surface roughness or Reynolds number on the boundary-layer
development and the resulting separation on the downstream cylinder
is small. Recently, Aasland et al. (2022) noted the similarity in the sep-
aration angle of the downstream cylinder across investigations of dif-
ferent Reynolds numbers. It was conjectured that the flow phenomena
in the reattachment regime could be described by a single parameter,
i.e., the pitch ratio. This agreement seen in the mean drag coefficient of
the downstream cylinder supports this conjecture. However, fluctua-
tions in the drag and lift forces are dependent on the Reynolds
number.

Figure 5 gives the variation of the fluctuating lift and drag coeffi-
cients of the two cylinders with a pitch ratio at Re ¼ 3� 105. As the
downstream cylinder is moved closer to the upstream cylinder, the
fluctuations in the lift and drag of both cylinders increase up to a criti-
cal pitch ratio, L�c . Post shear layer reattachment on the downstream

FIG. 5. The variation of fluctuating coefficients of forces with pitch ratio. —-: Alam et al. (2003), Re ¼ 6:5� 104, ……: Alam (2014), Re ¼ 9:7� 103, – – –: Alam (2014),
Re ¼ 1:6� 104, red-filled triangle: current, Re � 3� 105. (a) and (b) Fluctuating lift coefficient. (c) and (d) Fluctuating drag coefficient. (a) and (c) Upstream cylinder and
(b) and (d) downstream cylinder.
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cylinder, these fluctuations decrease until they reach a minimum at the
closest pitch ratio. Interestingly, Alam et al. (2003) and Alam (2014)
reported local peaks in the fluctuating lift and drag for Reynolds num-
bers of Re ¼ 6:5� 104 and 3:2� 104, but not for Re ¼ 9:7� 103 and
1:6� 104. These maxima in the fluctuating drag and lift increased in
magnitude as Reynolds number was increased and reached values as
high as 2.8 and 2 times of that for an isolated cylinder, respectively. A
peak of such prominence is absent in the current study at
Re ¼ 3� 105. This is discussed further in Sec. IIIG 2.

B. Frequency spectra of lift fluctuations and Strouhal
number

Figure 6 shows the power spectral density of the lift fluctuations
of the two cylinders at different pitch ratios and an incoming Reynolds
number of 3� 105. Each spectrum reported is obtained from the time
history of lift coefficient fluctuations recorded for �6000 shedding
cycles. Each spectrum is also the average of the spectra obtained from
the two measurement locations (one at midspan and the other two
diameters above the span) and those obtained from the repeat tests for
a given pitch ratio.

At large pitch ratios (L� ¼ 10), a dominant frequency is seen in
the spectra of both cylinders, which is similar to that of an isolated cyl-
inder at the same Reynolds number (St ¼ f D=U1 � 0:22 for isolated
cylinder of the same roughness at Re � 3� 105). The lift fluctuations
of the upstream cylinder also contain a prominent third harmonic,
indicating that the flow is closer to the isolated scenario. On the other
hand, the spectrum of the downstream cylinder contains an additional
less prominent peak near St � 0:16.

Figure 7 gives the power spectral density of the pressure fluctua-
tions on the downstream cylinder at a pitch ratio of L� ¼ 10 and an
incoming Reynolds number of 3� 105. Note that these spectra are
also averages of those measured at the two cross sections. While the
spectra of pressure near the stagnation (h ¼ 6�) show a prominent
peak at f D=U1 � 0:22 and its second harmonic, the spectra near the

separation point (h ¼ 90�) have another frequency, at f D=U1
� 0:16. Given that f D=U1 � 0:22 is the shedding frequency of the
upstream cylinder, the second, lower frequency f D=U1 � 0:16 corre-
sponds to the asynchronous shedding from the downstream cylinder.
This second frequency appears in the lift spectrum of the downstream
cylinder even at L� ¼ 5:75.

As the pitch ratio is reduced, synchronization of the shedding
between the two cylinders increases. This is evident from the existence
of only one prominent shedding frequency (and its third harmonic) in
the lift spectra of the downstream cylinder for L� � 4.

Thus, for the parameter space investigated, the co-shedding
regime can be further classified into two regions, 3:25 < L� � 4,
where the shedding between the two cylinders is synchronous, and

FIG. 6. Power spectral density of the fluctuations in lift at different pitch ratios for Re � 3� 105. (a) Upstream cylinder and (b) downstream cylinder. Notice that the spectra
from L� ¼ 1:5 are offset by 102 from the previous L� to increase clarity.

FIG. 7. Power spectral density of the fluctuations in the surface pressure of the
downstream cylinder at L� ¼ 10 and Re � 3� 105. Red line: h ¼ 6�, —-:
h ¼ 90�.
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L� 
 5:75, where the downstream cylinder sheds at a different fre-
quency. Shown in Fig. 8, Okajima and Sugitani (1984) found two fre-
quencies behind the downstream cylinder for L� 
 6, while Alam and
Zhou (2008) found two frequencies at L� ¼ 5.

Within the bistable region, two prominent peaks are seen in the
lift spectra of the downstream cylinder corresponding to the two flow
regimes, i.e., reattachment and co-shedding. The peak at the higher fre-
quency is due to the co-shedding configuration, while the smaller fre-
quency peak is due to the reattachment configuration. At L� ¼ 3:25,
the energy in the higher frequency peak is more than that of the lower
frequency peak, indicating a longer prevalence of the co-shedding
regime. As the pitch ratio is decreased, reattachment of the shear layers
occurs for a longer duration and the corresponding lower frequency
peak contains higher energy. At L� ¼ 3, the higher frequency peak is
less prominent, and at L� ¼ 2:75, it is absent in the spectra. This fur-
ther substantiates that the bistable region for Re � 3� 105 is
3 < L� � 3:25. On the other hand, the lift spectra of the upstream cyl-
inder in the bistable region are more scattered despite containing a
peak at the frequency corresponding to the co-shedding flow.

In the reattachment regime, the lift spectra of the downstream
cylinder contain a prominent frequency at all pitch ratios and the
Strouhal number of the shedding increases with decreasing pitch ratio.
The lift spectra of the upstream cylinder at pitch ratios of
2 � L� � 2:75, also contain the same prominent frequency. On the
other hand, the spectra of the upstream cylinder at pitch ratios
L� ¼ 1:5 and 1.75 exhibit a broadband plateau. This indicates that the
oscillations in the lift are less periodic. At the same pitch ratios, the
spectra from downstream cylinder contain a dominant frequency but
with a much lower prominence when compared to the peaks seen for
2 � L� � 2:75, hinting at a less organized shedding for these pitch
ratios. At the closest pitch ratio tested, L� ¼ 1:175, a prominent

shedding frequency reappears in the lift spectrum of the upstream cyl-
inder, marking a return of strong periodicity. Flow configurations and
the nature of shedding within the reattachment regime are addressed
in further detail in Sec. III F.

The Strouhal numbers of shedding from the downstream cylinder
for different pitch ratios are given in Fig. 8. As the pitch ratio is
decreased from L� ¼ 10, the Strouhal number decreases. A decrease in
Strouhal number along with an increasing CD1 indicates that the wake
width of the upstream cylinder increases as the downstream cylinder
moves upstream. This is due to the deceleration of the wake flow near
the centerline caused by the downstream cylinder.

As seen from the spectra, a lower Strouhal number is observed
when the flow pattern changes from predominantly co-shedding to
predominantly reattachment. Within the reattachment regime, the
Strouhal number increases as L� decreases. The highest Strouhal num-
ber is observed at the closest pitch ratio tested, and this value is larger
than that of an isolated cylinder at the same Reynolds number. The
trends in Strouhal number vs pitch ratio are similar to those found on
smooth cylinders in the study by Igarashi (1981) and Xu and Zhou
(2004). The magnitude of the Strouhal numbers in the current investi-
gation is in excellent agreement with those reported in the study by
Igarashi (1984) despite the large difference in Reynolds numbers.
Within the reattachment regime, Alam et al. (2003) and Alam (2014)
reported a nearly constant Strouhal number, in contrast to the results
from the other investigations including the current one.

C. Summary of flow behavior at different pitch ratios

Table II gives a brief overview of the flow behavior across the
pitch ratios investigated. The co-shedding regime exists for L� > 3:25,
and it has been further subdivided based on whether vortex shedding
from the cylinders is synchronized. The key features of this regime are
discussed in Sec. IIID. Moving to smaller pitch ratios, shear layers sep-
arating from the upstream cylinder reattach intermittently onto the
downstream cylinder in the bistable regime that spans 3 < L� � 3:25.
Flow behavior in the bistable regime is analyzed in Sec. III E.

At closer spacings still, stable asymmetric gap flow is found within
the range 1:5 � L� < 2:25. This asymmetry arises from the partial reat-
tachment of the shear layer emanating from one side of the upstream
cylinder. The flow structure at these pitch ratios is characterized by two
anti-symmetric modes that transition between each other intermittently.
These modes are not distinguishable in the range 2:25 < L� � 3. The
reattachment pitch ratio range is thus demarcated into the “alternating
reattachment regime” for 1:5 � L� < 2:25 and the “continuous reat-
tachment regime” for 2:25 < L� � 3. Finally, the gap flow becomes
symmetric at the closest pitch ratio tested of L� ¼ 1:175. The reattach-
ment regime covering L� � 3 is described in detail in Sec. III F.

The Reynolds number of the incoming flow is maintained at
� 3� 105 for the results presented in these sections. Section IIIG
describes the influence of Reynolds number on various flow parameters
for 3� 105 � Re � 6� 105. Finally, Sec. IV summarizes the results.

D. Co-shedding regime L� >3:25

The co-shedding regime exists at pitch ratios beyond the critical
pitch ratio, i.e., L� > L�c , characterized by vortex shedding from both
the upstream and downstream cylinders.

FIG. 8. Strouhal number of the lift fluctuations from the two cylinders at various
pitch ratios. Red filled circle: Current, frequencies found on both the upstream and
downstream cylinder, Re � 3� 105; bue circle: current, frequencies found on only
the downstream cylinder, Re � 3� 105; for smooth, inline cylinders - –––w–––:
Alam et al. (2003), Re ¼ 6:5� 104; �������: Igarashi (1981),
Re ¼ 3:5� 104; 	 	 	 	 	 	� 	 	 	 	 	 	: Xu and Zhou (2004), Re ¼ 4:2� 104; – - –
-�– - – -: Strouhal numbers behind the downstream cylinder, Okajima and Sugitani
(1984), Re ¼ 1:6� 104.
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Figure 9 gives the distribution of the mean and the fluctuating
pressure coefficients on the circumference of the two cylinders at pitch
ratios beyond the critical pitch ratio along with that for an isolated cyl-
inder at a Reynolds number of Re � 3� 105. Coefficients reported for
each cylinder are the average of measurements at the two spanwise
cross sections.

Similar to the force coefficients, the circumferential pressure distri-
butions on the upstream cylinder are closer to those of an isolated cylin-
der at the largest pitch ratio tested (L� ¼ 10). On the upstream cylinder,
the mean pressures near the separation angle, i.e., 90� � h � 140�, and
upstream of it, i.e., 54� � h � 90�, are slightly larger than the isolated
cylinder and increase with decreasing pitch ratio.

On the downstream cylinder, the mean pressure near the stagna-
tion point, 0� � h� 35�, decreases as the pitch ratio is decreased.

Minimum pressure increases as the pitch ratio decreases, and the loca-
tion of minimum pressure moves slightly downstream. Near the base
region, 100� � h � 180� [Fig. 9(d)], the mean pressure increases as
the pitch ratio is increased from L� ¼ 3:5 to L� ¼ 5:75 but decreases
from L� ¼ 5:75 to L� ¼ 10. A similar trend was seen in the study by
Zdravkovich (1977), where base pressure increased up to L� ¼ 5 but
decreased with a further increase from L� ¼ 5 to L� ¼ 7, thus result-
ing in a local maximum in the base pressure at L� ¼ 5.

As discussed in Sec. III B, frequency spectra reveal that the
downstream cylinder exhibits a distinct periodic vortex shedding for
L� 
 5:75 at a frequency different from that of the upstream cylinder.
This suggests that the flow over the downstream cylinder may be simi-
lar to a highly turbulent flow impinging on an isolated cylinder for
L� 
 5:75, albeit with the significant frequency of impinging vortices

TABLE II. Summary of the flow configurations observed at different pitch ratios.

Pitch ratio Flow configuration Characteristics

Co-shedding regime
L� 
 5:75 Both the cylinders shed vortices.

The downstream cylinder sheds
at a different frequency.

3:25 < L� � 4 Both the cylinders shed vortices
at the same frequency.

Bistable regime

3 < L� � 3:25

Shear layers from the upstream
cylinder reattach on the down-
stream cylinder occasionally.
They reattach more often as L�

or Re decreases. Reattachment
occurs over spanwise extent of at

least two diameters.

(a) and (b) (a) Continuous reattachment
regime:

(a) 2:25 < L� � 3

(b) 1:5 � L� < 2:25

The two modes are nearly indis-
tinguishable. Transitions

between the two modes occur at
a high frequency. Fluctuations in
the lift of the upstream cylinder
contain prominent frequency.
(b) Alternating reattachment

regime: Two modes are distinct.
Transitions occur only sporadi-
cally. Modes also alternate across
sections of span. Fluctuations in
the lift of the upstream cylinder

are weakly periodic.

L� ¼ 1:175

Gap flow is symmetric with
prominent vortices in both the
halves. A prominent frequency
reappears in the lift spectra of

the upstream cylinder.
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present. Indeed, beyond the critical pitch ratio, the incident flow onto
the downstream cylinder will have high unsteadiness and will also
have a lower effective Reynolds number at L� ¼ 5:75 than at L� ¼ 10
due to a lower oncoming mean velocity from the wake of the upstream
cylinder.

An increase in Reynolds number causes an increase in the mini-
mum pressure coefficient and a decrease in the base pressure coeffi-
cient for an isolated cylinder for a fixed incoming turbulence intensity
(Pasam et al., 2023). A decrease in the turbulence intensity causes an
increase in both minimum pressure and base pressure coefficients
(Cheung 1983) for a fixed Reynolds number. Thus, if the flow over the
downstream cylinder is similar to that of an isolated cylinder, the mini-
mum pressure coefficient at L� ¼ 10 is expected to be higher than that

at L� ¼ 5:75. This is in contradiction to the minimum pressure being
lower at L� ¼ 10 than at L� ¼ 5:75 seen in Fig. 9(b).

A potential reason behind this apparent discrepancy is the use of
the free-stream velocity and reference static pressure for normalizing
the pressure distributions. The effective incoming flow velocity for the
downstream cylinder is different from the upstream cylinder and
depends on the pitch ratio. In addition, the downstream cylinder expe-
riences cross-stream pressure and velocity gradients from being in the
wake of the upstream cylinder. It sees both a lower dynamic pressure
and a lower total pressure. A common normalization based on the
free-stream velocity and pressure can thus introduce additional uncer-
tainty while comparing pressure distributions across large changes in
pitch ratio. This explains the discrepancy in the variation of pressure
distributions between L� ¼ 5:75 and L� ¼ 10 compared to what
would be expected for a simple change in Re and turbulence intensity
on an isolated cylinder.

This (partially) explains why the apparent drag coefficient of
the downstream cylinder is only 60% of that seen for an isolated
cylinder, even at pitch ratios as large as L� ¼ 10. For instance, the
Strouhal number measured on the downstream cylinder is � 0.16
based on U1 as the reference velocity. The Strouhal number of shed-
ding behind a rough cylinder is �0:2, except in the critical regime.
This suggests that the “effective flow velocity” seen by the down-
stream cylinder at L� ¼ 10 could be �U1=1:25. If we use this scaled
velocity as the reference velocity, the “true drag coefficient” of the
downstream cylinder would appear to be �93% of that seen for an
isolated cylinder.

Within the co-shedding regime, the mean re-circulation region in
the wake of the upstream cylinder widens in the cross-stream direction
and shortens in the streamwise direction as the downstream cylinder is
moved closer. As L� is reduced from � 4, the drag coefficient of the
upstream cylinder increases and the Strouhal number decreases, indi-
cating a wake widening. Further, the pressure fluctuations in the base
region of the upstream cylinder increase, indicating a closer vortex roll
up.

The fluctuations in the pressure distribution on the downstream
cylinder are much larger than those observed on an isolated cylinder at
the same Reynolds number, and increase as the pitch ratio is
decreased. These distributions contain three local maxima. The most
upstream peak at h � 42� corresponds to the fluctuations caused by
impinging vortices shed from the upstream cylinder. A less prominent
plateau near 90� � h � 102� corresponds to boundary-layer separa-
tion on the cylinder, while an even smaller plateau at 152� � h � 164�

corresponds to the shear layer roll up post separation. As the pitch
ratio decreases, the position of the second peak moves further down-
stream along with a reduction in prominence, indicating a less distinct
but more downstream separation as the downstream cylinder is moved
toward the upstream cylinder.

E. Bistable regime, 3< L* £3:25

This regime corresponds to the region where the separated shear
layers from the upstream cylinder intermittently reattach onto the sur-
face of the downstream cylinder. Schematics of the two stable modes
observed in this regime are given in Fig. 10. These flow configurations
can be identified in time histories of the coefficients of drag and lift of
the two cylinders (plotted against dimensionless convective time,

FIG. 9. Pressure coefficients in the co-shedding regime in Re � 3� 105. (a), (c),
and (e) Circumferential pressure coefficients on the upstream cylinder. (b), (d), and
(f) Circumferential pressure coefficients on the downstream cylinder. (a)–(d) Mean
pressures. (e) and (f) Fluctuating pressures. ……: Isolated cylinder, brown circle:
L� ¼ 10, blue asterisk: L� ¼ 5:75, green diamond: L� ¼ 4, and red triangle:
L� ¼ 3:5.
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t� ¼ tU1=D) seen in Fig. 11. The coefficients are recorded for
L� ¼ 3:125 and for a Reynolds number of Re � 3� 105.

The transition between the two configurations is effectively
instantaneous across the span of two diameters. In addition, small
bursts (�100 convective cycles, or �20 shedding cycles) of the co-
shedding regime were observed at þ2D, but not at midspan (for
instance, at t� � 1� 104).

The co-shedding configuration can be identified by a higher
mean CD on both cylinders along with higher fluctuations in both CD

and CL. The two modes, co-shedding and reattachment, are separated
using two filters where (a) a moving median of CD over 100 convective
cycles is more than four standard deviations away from the nominal
mean CD (of the moving median) observed in the reattachment regime
and (b) fluctuations in the CL are more than four standard deviations
away from the nominal rCL observed in the reattachment regime. The
nominal values are obtained from the reattachment regime observed at
the same pitch ratio and Reynolds number.

Based on this mode separation, the mean and fluctuating pressure
distributions observed at L� ¼ 3:125 and Re � 3� 105 are given in
Fig. 12. The mean and the fluctuating pressure distributions on both
cylinders in the co-shedding configuration resemble those seen at
higher pitch ratios (shown in Fig. 9).

FIG. 11. Time histories of the force coeffi-
cients of the two cylinders at the two mea-
surement planes for a pitch ratio of
L� ¼ 3:125 and Re � 3� 105. —-: co-
shedding mode, cyan line: reattachment
mode. Red line: Moving median of 100
convective time cycles. [See Eq. (1) for
subscript notation.]

FIG. 10. Schematics of the two flow configurations in the bistable regime. (a) Co-
shedding mode and (b) reattachment mode.
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When the upstream shear layers reattach onto the downstream
cylinder, the fluctuations in the region enclosed by the two cylinders
and the two upstream shear layers are relatively lower than those
observed behind an isolated cylinder. This results in a flatter mean
pressure distribution on the upstream cylinder over 100� � h � 180�.
In addition, the pressure over the upstream surface (0� � h � 30�) of
the downstream cylinder is of the same magnitude as that near the
downstream surface (100� � h � 180�) of the upstream cylinder. On
the downstream cylinder, the global maximum of the mean pressure
distribution is seen at �60�, and this corresponds to the reattachment
of the upstream shear layers.

On the upstream cylinder, the minimum pressure just upstream
of the separation region increases in the reattachment regime from
that observed in the co-shedding regime. While this increase acts to
locally increase CD1 , the increase in the base pressure due to reattach-
ment acts to decrease CD1 by a larger amount, thereby resulting in an
overall decrease in CD1 when the shear layers reattach.

Fluctuating pressure distributions on both the upstream and
downstream cylinders reduce by a significant amount when the sepa-
rated shear layers from the upstream cylinder re-attach onto the down-
stream cylinder. When the shear layers reattach, two peaks are
observed in the fluctuating pressure distribution of the downstream
cylinder. The upstream peak corresponds to the position where the
separated shear layers from the upstream cylinder reattach onto the
downstream cylinder. The second peak corresponds to the separation

of the boundary layers on the downstream cylinder. The location of
the second peak is further downstream but within �12� of that
observed in the co-shedding configuration. This indicates that the loca-
tion of separation moves downstream when the shear layers reattach
onto the downstream cylinder.

Figure 13 gives the intermittency factor, c, defined as the ratio of
the duration of the co-shedding mode to the total test duration for
3 � L� � 3:5. It is clear that the co-shedding mode exists for the
entirety of the test duration at L� ¼ 3:5. At L� ¼ 3:25, shear layers
reattach intermittently and co-shedding is predominant (c > 0:5).
Shear-layer reattachment is dominant at L� ¼ 3:125. At L� ¼ 3, there
is negligible presence of the co-shedding mode. These observations
confirm the existence of the bistable flow for 3 < L� � 3:25.

F. Reattachment regime, 1:175£ L* £3

This section explains the flow behavior in the reattachment
regime that spans 1:175 � L� � 3 in the current study. Two modes of
reattachment found previously in subcritical flow over smooth tandem
cylinders are introduced first. The behavior of the shear layers in these
modes and the consequent aerodynamic forces on the two cylinders in
postcritical flow are then explained in detail. The discussion then
focuses on the variation of the two modes with the pitch ratio and the
behavior of the flow at the two measurement locations across the span
of each cylinder.

FIG. 12. (a) Mean and (b) fluctuating circumferential pressure distributions at a pitch ratio of L� ¼ 3:125 and Re � 3� 105. —-: Co-shedding, cyan dashed line: reattachment.
�: Downstream cylinder, �: upstream cylinder.
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1. The two reattachment modes

Within the reattachment regime, intermittent asymmetric flow
configurations were previously observed in the study by Lin et al.
(2002), Zhou et al. (2019), and Aasland et al. (2023) at low Reynolds
numbers (Re � 103). In these flow configurations, the shear layer ema-
nating from one half of the upstream cylinder partially overshoots the
downstream cylinder while that from the other half reattaches entirely.
A schematic of these flow configurations is given in Fig. 14. These
modes are also found in the current investigation where Re > 3� 105.

Figure 15 gives the variation of the lift coefficient on the four
measurement planes over time for a pitch ratio of L� ¼ 1:75 for
Re � 3� 105, where the intermittent modes are observed. For a fixed
spanwise position, fluctuations about a mean positive cross-sectional
lift coefficient are seen on the upstream cylinder while the downstream
cylinder experiences a mean negative lift at the same spanwise cross

section. After a period, the cross-sectional lift coefficients switch signs,
i.e., the upstream cylinder experiences a mean negative cross-sectional
lift while the downstream cylinder experiences a mean positive lift. For
clarity, the flow configuration leading to a negative lift coefficient on
the upstream cylinder, CL1 , is referred to as mode 1, while a positive
CL1 is considered mode 2.

The mean flow configuration over the duration of test
(>2:5� 104 convective cycles) is biased, i.e., one of the modes occurs
more often than the other. This asymmetry is indicative of the high
sensitivity of the reattaching shear layers to minor asymmetries, if any,
in the setup. Lin et al. (2002), with the help of PIV in the gap between
the two cylinders, also found asymmetric averaged flow structures at
L� ¼ 1:5. Asymmetry in the pressure distribution and gap vortices at
similar pitch ratios has also been reported in other investigations
(Aasland et al., 2023; Zhang and Melbourne, 1992; and Ljungkrona
et al., 1991).

In order to analyze the two modes further, a moving median filter
of 100 convective cycles is applied and the modes are then separated
based on the sign of the filtered lift coefficient. The mean and fluctuat-
ing pressure distributions on the two cylinders for the test data of
Fig. 15 are given in Fig. 16. These distributions are obtained after

FIG. 13. Variation of intermittency factor with pitch ratio at Re � 3� 105.

FIG. 14. (a) and (b) The two flow configurations within the reattachment regime.

FIG. 15. Time history of the lift coefficients
of the two cylinders at the two measure-
ment planes for a pitch ratio of L� ¼ 1:75
and Re � 3� 105. Cyan line: Mode 1,
—-: mode 2. Red line: Moving median of
100 convective cycles. [See Eq. (1) for
subscript notation.]
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averaging the “mode separated” measurements at the two spanwise
cross sections.

Consider the mean pressure distributions on each cylinder in the
range 0� � h � 180�. On the upstream cylinder, mode 1 corresponds to
a larger base pressure than mode 2. In addition, the minimum pressure is
larger for mode 1, indicating larger deceleration of the flow than that
seen in mode 2. Previous work by G€uven et al. (1980) and Pasam et al.
(2023) indicates that the angle of intersection of the “straight line fit of
the pressure distribution in the region of pressure rise (90� � h � 100�)
and the base pressure” is a useful estimate of the separation angle. Based
on this measure, the boundary layer on the upstream cylinder in mode 1
separates earlier than that in mode 2 for 0� � h � 180�.

This earlier separation on one half of the cylinder results in a lift
force pointing opposite to that half, since the pressure post separation
is higher. Thus, mode 1 on the upstream cylinder results in a negative
lift coefficient, i.e., with CL1 pointing toward 180� � h � 360�. In the
same half (0� � h � 180�), the mean pressure distribution on the
downstream cylinder indicates that reattachment occurs later in mode
1 than in mode 2. Moreover, the pressure rise due to reattachment is
lower for mode 1 than for mode 2. This low pressure due to a later
reattachment in one half of the cylinder causes a lift force pointing
toward that half. Thus, mode 1 on the downstream cylinder results in
a positive lift coefficient, i.e., with CL2 pointing toward 0

� � h � 180�.

If we now consider the fluctuating pressures, both mode 1 and
mode 2 on the upstream cylinder result in a similar fluctuating pres-
sure coefficient distribution, except over 150� � h � 180�. Fluctuating
pressure coefficients on the upstream cylinder corresponding to mode
1 over 150� � h � 180� are larger than those in mode 2. For the
downstream cylinder, the fluctuating pressure coefficients during
mode 1 are larger than those during mode 2 over 54� � h � 180�.
The distributions for both modes still exhibit two peaks. As mentioned
previously, the upstream peak is due to the reattachment of the sepa-
rated shear layers and the downstream peak corresponds to the sepa-
rating boundary layer on the downstream cylinder. In mode 1, the
peak due to the separation on the downstream cylinder in 0� � h �
180� is less prominent, indicating that the reattached shear layer inter-
feres with the separation on the downstream cylinder.

In summary, an earlier separation of shear layers on one half of
the upstream cylinder accompanies a later mean reattachment on the
corresponding half of the downstream cylinder. This earlier separation
on the upstream cylinder causes a lift force in the direction of the other
half due to larger pressure near the separation region. On the other
hand, later reattachment on the downstream cylinder causes a lift in
the direction of the same half due to the lower pressure in the reattach-
ment region. The later reattachment on the downstream cylinder also
causes larger fluctuations near the reattachment region and less

FIG. 16. (a) Mean and (b) fluctuating surface pressure distributions at a pitch ratio of L� ¼ 1:75 and Re � 3� 105. Cyan dashed line: Negative lift coefficient on the upstream
cylinder (mode 1), —-: positive lift coefficient on the upstream cylinder (mode 2). �: Downstream cylinder, �: Upstream cylinder.
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distinct separation on the downstream cylinder. A schematic of the
proposed mean flow for the two modes is given in Fig. 17.

Earlier separation on one half of the upstream cylinder and the
later reattachment on the downstream cylinder is also evident in the
PIV results of Lin et al. (2002). The half that experiences an earlier sep-
aration (i.e., 0� � h � 180� in mode 1) contains a region of strong
vortices in the gap between the cylinders as seen in the study by Lin
et al. (2002) and Aasland et al. (2023). This correlates well with
the larger fluctuating pressures near the reattachment region over
54� � h � 180� on the downstream cylinder and also in 150� � h
� 180� of the upstream cylinder seen for mode 1. Of course, mode 2 is
simply a reflection of mode 1 about the line of symmetry (line joining
the centers of the two cylinders). While these modes were identified
previously, the current investigation gives a comparison of the mean
separation and reattachment angles along with the consequent lift
forces.

2. Variation of the two modes with pitch ratio

Figure 18 gives the time history of the lift coefficient on the
upstream cylinder at midspan at different pitch ratios in the reattach-
ment regime for Re � 3� 105. As the pitch ratio increases from
L� ¼ 1:5, the difference in the sectional lift generated between the two
modes decreases. The two modes are nearly indistinguishable for L� >
2:25 and L� ¼ 1:175. With increasing pitch ratio from L� ¼ 1:5, the
frequency of switching between the modes also increases. An increase
in switching frequency along with a decrease in difference between the
modes results in a more symmetric mean flow configuration as the
pitch ratio increases. Similar phenomena were found on smooth inline
cylinders previously. Lin et al. (2002) observed the flow to be more
symmetric at L� ¼ 2 than at L� ¼ 1:5. Alam et al. (2003) reported
that the shear layers reattach alternately for pitch ratios of 1 < L� < 3
and steadily for 3 < L� < 4. In the current investigation, alternating
reattachment is observed for 1:5 � L� < 2:25. The differences in the
pitch ratios at which alternating and steady reattachment are observed
are likely due to varying incoming flow conditions across investiga-
tions. Shear-layer behavior post separation from the upstream cylinder
is expected to be sensitive to the incoming Reynolds number, turbu-
lence intensity, and surface roughness of the cylinder.

Figure 19 gives the pressure distributions on the two cylinders at
various pitch ratios within the reattachment regime. The plots are split
into two halves, the left half represents the cylinder in mode 1 while
the right half represents mode 2.

On the downstream cylinder, the nature of reattachment of the
separated shear layer and the boundary-layer separation can be identi-
fied through the fluctuating pressure distributions given in Fig. 19(d).
Consider a separated shear layer of a finite thickness. At a large pitch
ratio within the reattachment regime (say L� ¼ 2:5), all of the shear
layer reattach onto the downstream cylinder. This reattachment results
in a peak in the mean pressure distribution of the downstream cylin-
der. In addition, the reattachment occurs sufficiently upstream (i.e.,
smaller h) such that a distinct boundary-layer separation exists on the
downstream cylinder. As observed previously, this results in two dis-
tinct peaks in the fluctuating pressure distribution on the downstream
cylinder. The upstream peak corresponds to the reattachment on the
downstream cylinder while the downstream peak corresponds to the
separation of the boundary layer.

As the pitch ratio is reduced, the outer part of the shear layer in
mode 1 (left half) overshoots the downstream cylinder and interferes
with the boundary-layer separation while the inner part reattaches
onto the downstream cylinder (Zhou and Yiu, 2006; Aasland et al.,
2023). Thus, at closer pitch ratios and on the half with the later reat-
tachment (and shear layer overshoot), fluctuating pressure distribution
on the downstream cylinder would contain a less prominent peak cor-
responding to the separation of the boundary layer. At L� ¼ 1:5, there
is only one prominent peak in the fluctuating pressure distribution on
the downstream cylinder in mode 1 (left half), and it corresponds to
the reattachment of the separated shear layers on the cylinder. At
L� ¼ 1:5, the shedding frequency is less distinct for both the upstream
and downstream cylinders, indicating a less organized shedding (see
Fig. 6).

In addition, current results also indicate a correlation between the
alternating reattachment and the relative magnitudes of fluctuations in
pressure caused by reattachment and separation on the downstream
cylinder. As the pitch ratio is decreased from L�c , alternating reattach-
ment is first observed at L� ¼ 2:25. This is also the pitch ratio at which
the pressure fluctuations on the downstream cylinder near the shear
layer reattachment reach a similar magnitude to those due to the sepa-
ration on the downstream cylinder. For L� < 2:25, the fluctuations in

FIG. 17. Schematic of the time averaged flow in the two modes in the alternating reattachment regime, 1:5 � L� � 2. Subscripts s: separation, r: reattachment. Superscripts:
u: upper half (0� � h � 180�) and l: lower half (180� � h � 360�).
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pressure on the downstream cylinder are larger near reattachment
than near separation (for mode 1 shown in the left half of Fig. 19(d)].

The variation of mean CD of either cylinder with the pitch ratio is
a result of a few key changes in the mean pressure distribution. These
changes are given as follows:

1. On the upstream cylinder [Fig. 19(a)] and for both the modes,
the mean pressure near the separation region, 54� � h � 90�,
and the base of the upstream cylinder, 90� � h � 180�, increase
as the pitch ratio is increased. The decrease in CD1 due to the
increase in the base pressure is larger than the increase in CD1

due to the increase in minimum pressure. Thus, the overall drag
coefficient of the upstream cylinder decreases with an increase in
pitch ratio.

2. On the downstream cylinder and for both the modes, the mean
pressure in the upstream region (0� � h � 42�) of the down-
stream cylinder increases with an increase in pitch ratio. The
base pressure of the downstream cylinder decreases with an
increase in pitch ratio in the range 1:5 � L� � 2:75. This results
in an increase in the CD2 as the pitch ratio is increased.

3. On the downstream cylinder for mode 1 [i.e., left half of
Fig. 19(c)], the peak in the mean pressure due to reattachment is
lower than the base pressure of the cylinder. As the pitch ratio is
increased, this peak increases in magnitude and moves upstream.

The pressure distributions for the closest pitch ratio considered,
L� ¼ 1:175, stand out in the trends of the fluctuating pressures on the
upstream cylinder and both the mean and fluctuating pressures on the
downstream cylinder. Moreover, a more prominent frequency in the
lift fluctuation spectrum of the upstream cylinder is also found at this
pitch ratio (see Fig. 6) unlike at L� ¼ 1:5. This indicates that the flow
pattern at L� ¼ 1:175 is different from the alternating reattachment
observed at L� ¼ 1:5.

For L� ¼ 1:175, fluctuations near the base of the upstream cylin-
der are of similar magnitude to the fluctuations near the separation
peak, indicating that a significant vortex roll up occurs near the base
region at this pitch ratio. The mean and fluctuating pressure distribu-
tions on the downstream cylinder are similar for both the modes, indi-
cating that the flow pattern is symmetric. Carmo et al. (2010) also
found that flow is symmetric in the gap for L� ¼ 1:5 and alternating

FIG. 18. Time history of the lift coefficients
of the upstream cylinder at the midspan of
the upstream cylinder for Re � 3� 105

and different pitch ratios. —-: Mode 2,
cyan line: mode 1. Red line: Moving
median of 100 convective time cycles.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 095145 (2024); doi: 10.1063/5.0221390 36, 095145-16

VC Author(s) 2024

 15 O
ctober 2024 06:37:51

pubs.aip.org/aip/phf


in the gap for a larger pitch ratio (L� ¼ 1:8) using DNS for Re¼ 200.
Time averaged flow pattern in the gap at L� ¼ 1:175 in the current
investigation is given in Fig. 20.

3. Spectra of pressure fluctuations on the downstream
cylinder

Figure 21 gives the frequency spectra of fluctuations in the pres-
sure coefficient on the downstream cylinder for different pitch ratios
in mode 1. The four locations on the surface shown correspond to

h ¼ f54�; 306�; 90�; 270�g. The two upstream angles f54�; 306�g are
close to the upstream peak in rCP on the downstream cylinder [see
Fig. 19(d)]. Pressure measurements at these angles are hence expected
to be more sensitive to the fluctuations in the separating shear layers
from the upstream cylinder. On the other hand, the two downstream
angles f90�; 270�g are close to the separation points on the down-
stream cylinder. Also provided are the spectra of pressure fluctuations
at the corresponding locations for an isolated cylinder of the same
roughness and facing the same Reynolds number.

Of interest is the additional frequency band (other than the shed-
ding frequency) with larger energy than the neighborhood, for
instance, at f D=U1 � 1� 2 in the spectra corresponding to
L� ¼ 1:175; 1:5; 1:75. These frequencies are absent in the pressure
spectra of an isolated cylinder. However, a similar frequency band
related to the Kelvin–Helmholtz (K–H) instability was observed in the
velocity fluctuations in the shear layer of an isolated cylinder at 0:5D
downstream that had disappeared by 1D downstream (see Fig. 17 in
Pasam et al., 2023). Kelvin–Helmholtz (K–H) shear layer fluctuations
from the upstream cylinder in the current investigation are prominent
in the pressure spectra until 1:75D downstream. This suggests that the
development of K–H fluctuations is suppressed in the presence of a
downstream cylinder. Thus, it appears that the presence of the down-
stream cylinder has a stabilizing effect on the shear layers emanating
from the upstream cylinder. Aasland et al. (2022) also reported a
delayed onset of the K–H instability at L� ¼ 3 for smooth cylinders at
Re ¼ 104.

Another feature of the spectra is that in mode 1 (for
L� ¼ f1:5; 1:75; 2g), the distribution of energy in the above-
mentioned frequencies is sharper and at a slightly lower frequency for
h ¼ f54�; 90�g than for h ¼ f306�; 270�g. This indicates that a vortex
region of a slightly larger length scale and larger vorticity is found in
the half corresponding to 0� � h � 180� than in 180� � h � 360�

during mode 1, providing additional support for the existence of flow
configurations proposed in Fig. 17.

To summarize, the mean flow configuration is asymmetric/biased
for 1:5 � L� < 2:25 while it is symmetric for 2:25 < L� � 3. Shear
layers from the upstream cylinder reattach alternatingly for 1:5 �
L� < 2:25 and continuously for 2:25 < L� � 3. A signature of K–H
fluctuations is observed in the spectra of the fluctuating pressure mea-
surements on the surface of the downstream cylinder at the former
pitch ratios, while this is absent for the latter. It is further evident that
this broadband energy distribution decreases in prominence as L�

increases while the energy in the second harmonic increases. The sec-
ond harmonic in shedding is prominent for L� ¼ 2:25. This indicates
that the reattachment mode transitions from alternating to continuous
when broadband fluctuations in the shear layer coalesce into a second
harmonic of shedding frequency.

4. Spanwise flow structure

Evident from Fig. 15 is that the two modes alternate in the span-
wise planes. When the flow configuration is mode 1 in the mid-plane,
the cross-sectional plane at þ2D experiences mode 2. This switch in
the flow configurations can also be observed through correlation
between the instantaneous coefficients of lift from the two planes at
different pitch ratios. The coefficient of correlation (RCL ) between CL

measured at the two planes for various pitch ratios is given in Fig. 22.

FIG. 19. Mode-averaged, circumferential pressure distributions on the two cylinders
at various pitch ratios at Re � 3� 105. (a) and (c) Mean pressure coefficients, (b)
and (d) fluctuating pressure coefficients, (a) and (b) upstream cylinder, and (c) and
(d) downstream cylinder. Left: Mode 1, right: mode 2 (flipped). L� ¼ —-: 1.175, red
line: 1.5, green line: 1.75, blue line: 2, brown line: 2.25, purple line: 2.5.

FIG. 20. Schematic representation of the time averaged gap flow at L� ¼ 1:175.
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Figure 22 also contains the corresponding correlation measured on an
isolated cylinder of the same roughness for comparison.

Spanwise correlation of lift for the upstream cylinder for all reat-
tachment pitch ratios is lower than that for an isolated cylinder. As
pitch ratio is reduced from L� ¼ 2:75, this correlation coefficient
decreases, reaching a minimum for L� � 1:5 and then increases until
L� ¼ 1:175. In addition, the correlation coefficient is negative for
1:5 � L� � 2, indicating that the instantaneous lift coefficients are
often out of phase between the two spanwise planes. On the down-
stream cylinder, the spanwise correlation coefficient of the raw data at
2:25 � L� � 2:75 is slightly larger than that seen for an isolated cylin-
der. It is positive for all pitch ratios in the reattachment regime, indi-
cating that the instantaneous coefficients of lift are more often in the
same direction.

To analyze the spanwise existence of modes, a moving median fil-
ter is applied with a window of 100 convective time cycles to the time
history of the lift. The correlation between the median-filtered lift coef-
ficients is also shown in Fig. 22. The corresponding filtered correlation

is �0:1 for an isolated cylinder. This relatively low correlation on the
isolated cylinder is due to a lack of fluctuations of the scale of the filter
width. In the inline configuration, the correlation between the filtered
lift coefficients indicates that, in the case of alternating reattachment,
spanwise planes at 0 and þ2D experience opposite modes at a given
instant of time. This implies that the cross section at midspan and at
2D above midspan experiences median lift in the opposite direction.
This is in good agreement with the alternating vorticity contours
across span observed at a very low Reynolds number, Re¼ 415
(through direct numerical simulations) in the study by Carmo et al.
(2010) at L� ¼ 1:8.

To further investigate the spanwise distribution of the alternating
flow structure, the upstream and downstream cylinders were inter-
changed and measurements of CL on the downstream cylinder were
performed at four different spanwise locations for a Reynolds number
of 3� 105 and a pitch ratio of L� ¼ 1:75. The downstream cylinder in
the original setup at L� ¼ 1:75 and Re � 3� 105 has CD � �0:34
and rCL � 0:12. The downstream cylinder in the interchanged setup

FIG. 21. Frequency spectra of surface pressure fluctuations on the downstream cylinder. Re � 6� 105 (a) h ¼ 54�, (b) h ¼ 306�, (c) h ¼ 90�, and (d) h ¼ 270�. —-: L� ¼ 1
(isolated cylinder), red line: L� ¼ 1:175, green line: L� ¼ 1:5 in mode 1, blue line: L� ¼ 1:75 in mode 1, brown line: L� ¼ 2 in mode 1, and purple line: L� ¼ 2:25.
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has CD � �0:35 and rCL � 0:11, indicating that there is no significant
difference between the two setups.

The time histories of the lift coefficients at different spanwise
locations on the downstream cylinder are shown in Fig. 23. The
spanwise cross sections at �1D and þ2D indicate a prominent alter-
nating reattachment, while the cross sections at 0D andþ1D indicate
a more continuous, steady reattachment. This highlights the pres-
ence of spanwise variability during the alternating reattachment, i.e.,
some sections of the span might be alternating while some might be
more steadily reattaching. Moreover, modes at cross sections of �1D
and þ2D are negatively correlated on average (correlation between
the median filtered lift coefficients is –0.54), i.e., when mode 1 is
seen at �1D, mode 2 is seen at 2D on the cylinder on average. This,
along with the more continuous reattachment at 0D and þ1D,

indicates the presence of spanwise cells of different reattachment
configurations in alternating reattachment. The length and position
of cells appear to be highly sensitive to the setup. Recently, Aasland
et al. (2023) reported the existence of spanwise cellular structures in
the reattachment regime L� ¼ 3 at Re¼ 500 and emphasized their
unpredictability.

A consequence of sensitive spanwise coherence is that different
measurement techniques like cross-sectional pressure measurements,
load measurements on either a section or the entirety of the cylinder
could result in different CL measurements. This could also contribute
toward the difference between the current fluctuating coefficients and
those of Alam et al. (2003) and Alam (2014) in the reattachment
regime (in addition to the difference in surface roughness and
Reynolds numbers between the investigations).

FIG. 22. Coefficient of correlation between the lift coefficients measured at the two spanwise positions, 0 and þ2D at Re � 3� 105. (a) Upstream cylinder and (b) downstream
cylinder. Blue dashed line: Correlation between instantaneous CL, and red dotted-dashed line: correlation between the median filtered CL. Error bars for the isolated cylinder
correspond to 90% confidence intervals.

FIG. 23. Time history of the lift coefficients
on the downstream cylinder at different
spanwise measurement planes at a pitch
ratio of L� ¼ 1:75 and Re � 3� 105. (a)
�1D, (b) 0D, (c) þ1D, and (d) þ2D,
where 0D is the midspan. Cyan line:
mode 1, black line: mode 2. Red line:
Moving median of 100 convective cycles.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 095145 (2024); doi: 10.1063/5.0221390 36, 095145-19

VC Author(s) 2024

 15 O
ctober 2024 06:37:51

pubs.aip.org/aip/phf


G. The influence of Reynolds number

1. Mean coefficients of drag and lift

Figure 24 gives the variation of the mean coefficient of drag of
the two cylinders with pitch ratio for different postcritical Reynolds
numbers. For the upstream cylinder, CD1 increases with increasing
Reynolds number for L� > L�c . This increase in CD1 is similar in pro-
portion to that seen for an isolated cylinder for the same increase in
Reynolds number. For example, at L� ¼ 4; CD1 increases by �9%
when the Reynolds number is increased from 3� 105 to 6� 105,
and the corresponding increase in the coefficient of drag for an iso-
lated cylinder is �9:5%. The mean drag coefficient of the down-
stream cylinder, CD2 , does not show significant variation with
Reynolds number. Beyond the critical pitch ratio, CD2 is approxi-
mately the same for all Reynolds numbers for a given L�. When the
downstream cylinder is well inside the reattachment regime
(L� � 2), CD2 decreases slightly with increasing Reynolds number
(thrust increases). At L� ¼ 3:25, the flow is bistable and CD1

increases for increasing Reynolds number. This indicates that for a
fixed L� in the bistable regime, the shear layer reattaches for a
smaller duration as Reynolds number is increased.

2. Fluctuating coefficients of drag and lift

The variations of the fluctuating coefficients of drag and lift with
pitch ratio at different Reynolds numbers are given in Fig. 25. Similar
to the mean force coefficients, fluctuating coefficients of the upstream
cylinder increase with an increase in Reynolds number in the co-
shedding regime, L� > L�c . This increase is in proportion to that seen
for an isolated cylinder.

Current results indicate that both the mean and fluctuating drag
coefficients of the downstream cylinder near L� ¼ 2:5 increase when
Reynolds number increases from 3� 105 to 5� 105 but decrease
when it increases from 5� 105 to 6� 105, thus forming a maximum
at Re ¼ 5� 105. Interestingly, the pitch ratio at which this peculiarity
is seen currently coincides with the pitch ratio at which local peaks are

seen in the fluctuating and mean force coefficients in the study by
Alam et al. (2003).

Alam et al. (2003) reported alternating reattachment over
1 < L� < 3, steady reattachment over 3 < L� < 4, and a maximum
in the fluctuations of force were observed at L� ¼ 2:4. In the current
investigation, alternating reattachment is observed over
1:5 � L� < 2:25, continuous reattachment over 2:25 < L� � 3, and
the maximum is at L� ¼ 2:5. The similarity between the two results is
that the peak in fluctuating force coefficients is found near the transi-
tion from the alternating reattachment to the steady reattachment.

Alam et al. (2003) and Alam (2014) also found a local minimum
in the reattachment angle at L� ¼ 2:4 for Re ¼ 6:5� 104, leading to
the proposal of a different reattachment configuration to explain the
minimum in reattachment and the corresponding maxima in the fluc-
tuating forces. The new reattachment configuration is hypothesized to
be linked to the transition to turbulence in the shear layer post separa-
tion from the upstream cylinder and is hence sensitive to the Reynolds
number and pitch ratio. The current investigation focuses on postcriti-
cal Reynolds numbers and thus the boundary layer on the upstream
cylinder is expected to be turbulent before separation.

Upon closer inspection of flow at 4� 105 � Re � 5� 105 in the
current study, we found that a harmonic of the frequency of shedding
is close to a structural frequency of the cylinder, thus resulting in a
larger structural response due to resonance at these Reynolds numbers.
That is, the downstream cylinder was noticeably vibrating in the range
of 2:2 � L� � 2:75 for 4� 105 � Re � 5� 105, and results, particu-
larly of fluctuating components in this range, should be viewed with
caution. From Fig. 22, it is clear that the spanwise correlation of the lift
increases with an increase in pitch ratio in the reattachment regime
even for Re � 3� 105 (where no prominent flow–structure resonance
was observed). This indicates that the downstream cylinder is more
susceptible to resonance in the continuous reattachment regime since
the magnitude of force fluctuations on the downstream cylinder is
larger due to an increase in spanwise coherence.

To summarize, Alam et al. (2003) and Alam (2014) reported
prominent peaks in rCD and rCL at L

� ¼ 2:4 for Re ¼ 3:2� 104 and

FIG. 24. Influence of Reynolds number on the mean drag coefficient of (a) the upstream cylinder and (b) the downstream cylinder at different pitch ratios. Red-filled circle:
Re � 3� 105, green-filled circle: Re � 4� 105, blue-filled circle: Re � 5� 105, and brown-filled circle: Re � 6� 105.
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Re ¼ 6:5� 104. Current results at Re ¼ 3� 105 do not contain this
maximum. However, evidence indicates that the continuous reattach-
ment regime is more coherent across the span than the alternating
reattachment regime. This increase in coherence could result in large
structural response and hence large increases in rCD and rCL at specific
Reynolds numbers in this range of pitch ratios.

IV. CONCLUSIONS

Postcritical flow over inline rough cylinders, which is of great rele-
vance to engineered structures, has not been well explored. It is in this
scenario that we have quantified the forces on two inline cylinders and
the corresponding shedding frequencies for various pitch ratios, both
of which are crucial to the fluid–structure interaction. From the objec-
tives originally discussed in the introductory section, the following
conclusions have been found through this investigation:

1. On the influence of Reynolds number on the force coefficients
and the critical pitch ratio in the postcritical regime:

(a) Our results reveal that while the flow configurations and
the broad trends in the Strouhal number remain similar,
the boundaries of these configurations are different from
their subcritical counterparts. The critical pitch ratio,
L�c ¼ 3:25, falls at the lower end of the previously reported
lower Reynolds number values of 3 � L�c � 5 (Sumner,
2010; Alam and Zhou, 2007). This reduction implies that
structures designed with pitch ratios in the range 3 < L� <
5 could experience much larger drag coefficients if the
Reynolds number or surface roughness is increased (i.e.
shifting the flow regime to postcritical).

(b) At a postcritical Re � 3� 105, as the pitch ratio is
decreased from 10, the mean coefficient of drag on the
upstream cylinder, CD1 , remains constant at � 0:88 down
to L� � 4. Below this it slightly increases, indicating a
wider wake. The Strouhal number also decreases with pitch
ratio between L�c � L� � 4. CD1 then drops steeply to
� 0:6 near the critical pitch ratio of L�c and then increases

FIG. 25. The variation of fluctuating force coefficients with pitch ratio. (a) and (b) Fluctuating lift coefficient, (c) and (d) fluctuating drag coefficient, (a) and (c) upstream
cylinder, and (b) and (d) downstream cylinder. —-: Alam et al. (2003), Re ¼ 6:5� 104, red line: current, Re � 3� 105; green line: current, Re � 4� 105; blue line: current,
Re � 5� 105; and brown line: current, Re � 6� 105.
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with further decreases in L�. At the closest pitch ratio
tested (1.175), CD1 � 0:78.

(c) CD of an isolated cylinder of the same surface roughness is
0.88 at Re � 3� 105. At L� ¼ 10; CD2 (CD of the down-
stream cylinder) is � 63% of that seen on an isolated cylin-
der. CD2 decreases slightly with decreasing pitch ratio from
L� ¼ 10 to 4. A comparison of the circumferential pressure
distributions indicates that this decrease is likely due to the
difference between the velocity and the pressure used for
normalization and those effectively operating on the down-
stream cylinder.

(d) In the postcritical regime, the mean drag coefficient of the
upstream cylinder increases with an increase in Reynolds
number. Furthermore, the magnitude of the increase is
similar to the corresponding increase seen for an isolated
cylinder at all pitch ratios, except near the critical pitch
ratio, indicating that the influence of Reynolds number on
the upstream cylinder is similar regardless of the presence
of the downstream cylinder. On the other hand, the mean
drag coefficient of the downstream cylinder shows little
variation across the Reynolds numbers tested, except for a
slight decrease with Reynolds number at the closest pitch
ratios(i.e., L� � 2). In addition, the mean drag coefficients
of the downstream cylinder from the current and previous
investigations (Alam et al., 2003; Okajima, 1979; and
Dubois and Andrianne, 2022) are remarkably close despite
large differences in the Reynolds number and surface
roughness.

(e) Comparing separation angle on the downstream cylinder
across various investigations, Aasland et al. (2022) pre-
dicted that the inflow Reynolds number might have limited
influence on the flow over the downstream cylinder in the
subcritical regime. Furthermore, it was proposed that flow
over the downstream cylinder could be determined using
pitch ratio as the single governing parameter. Current
results extend this strong agreement in the mean drag coef-
ficient of the downstream cylinder to postcritical Reynolds
numbers. In addition, an increase in surface roughness
also appears to have only a minor influence (if any) on the
mean drag coefficient of downstream cylinder. However,
the fluctuations in drag and lift of both the cylinders
observed in this investigation are different from those
reported on smooth cylinders in subcritical flows.

2. Table II provides a graphical summary bringing together our
observations and describing the variation in postcritical flow.
Further conclusions are as follows:
(a) The upstream shear layers reattach continuously on the

downstream cylinder for 2:25 < L� � 3, and alternately
for 1:5 � L� < 2:25. As the downstream cylinder is moved
closer, transition to alternating reattachment is seen when
the pressure fluctuations in the impinging shear layers
from the upstream cylinder are of the same magnitude as
those caused due to separation on the downstream cylin-
der. This transition also correlates with the pitch ratio
where K–H frequencies disappear along with an appear-
ance of the second harmonic of the shedding in the spectra
of pressure fluctuations.

(b) During alternating reattachment, the boundary layer on
one half (0� � h � 180�) of the upstream cylinder under-
goes earlier separation and the corresponding half on the
downstream cylinder experiences later reattachment than
the other half (180� � h � 360�). When later reattachment
occurs, the flow separation point on the downstream cylin-
der becomes less distinct. Spectra of pressure fluctuations
and the circumferential distribution of fluctuating pressure
(rCP ) indicate that a zone of more distinct rolled-up vortic-
ity of a larger length scale exists in the half of later reat-
tachment in agreement with the observations of Lin et al.
(2002) and Aasland et al. (2023). Current results reveal
that this causes an alternating cross-sectional lift on the
two cylinders, i.e., on the upstream cylinder, lift acts in the
opposite direction to the half that undergoes earlier separa-
tion while on the downstream cylinder, lift acts in the
direction of that half (see Fig. 17).

(c) The spectra of the fluctuations in surface pressure on the
downstream cylinder indicate that its presence stabilizes
the shear layers emanating from the upstream cylinder and
delays the onset or partially suppresses the growth of
Kelvin–Helmholtz instabilities. Aasland et al. (2022) also
found a delayed onset of K–H oscillations in the shear
layers emanating from the upstream cylinder for smooth
tandem cylinders at Re ¼ 104.

3. On the dynamics of force coefficients in the postcritical regime:
(a) No prominent maxima in rCD or rCL are seen within the

reattachment regime in the current investigation at
Re � 3� 105. At Re ¼ 3:2� 104 and 6:5� 104, Alam
et al. (2003) and Alam (2014) found prominent peaks in
rCD and rCL of the downstream cylinder at L� ¼ 2:4 and
the prominence of the peaks increased with increase in the
Reynolds number from 9:7� 103 to 6:5� 104. Alam
(2014) proposed that some pitch ratios in a specific range
of Reynolds numbers result in a different flow configura-
tion due to variation in the location of transition to turbu-
lence in the separated shear layers of the upstream
cylinder. Since the incoming Reynolds number is post-
critical in the current investigation, boundary layers on the
upstream cylinder are turbulent before separation at all
pitch ratios. Thus, the current results of rCD or rCL do not
contain prominent maxima in the reattachment regime.

(b) In addition, the current results reveal that the larger pitch
ratios in the reattachment regime are more susceptible to
structural resonance of the downstream cylinder due to an
increased spanwise correlation in both lift and drag forces.
This increased structural response could also lead to local-
ized increases in rCD and rCL at specific Reynolds numbers
in this range of pitch ratios.

4. On the spanwise variation of the flow in the bistable and the reat-
tachment regime:

(a) In the bistable regime, either the reattachment flow or the
co-shedding flow exists at both the measurement locations
(separated by two diameters in the spanwise direction).
Moreover, transitions between the two occur simulta-
neously. Thus, it is likely that a given flow pattern exists
across span in the bistable regime.
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(b) In the alternating reattachment regime, the half of the “ear-
lier separation” alternates across sections of the cylinder
span. Similar spanwise structures have been reported pre-
viously in the study by Lin et al. (2002) and Aasland et al.
(2023; 2022), albeit at considerably lower Reynolds num-
bers. These flow structures are highly sensitive to the
geometry of the setup. This suggests that CL estimated
through integrating sectional pressures could be different
from that directly measured on a length of the cylinder.
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