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In a companion article [1], we described computer simulations of the flow around 2 two-dimensional,
tandem circular cylinders in a flow for 1 6 Re 6 20. In this article we adopt a similar approach to char-
acterize the flow around side-by-side cylinders with surface-to-surface separation/diameter in the range
0.1 < s/D < 30. The results revealed some distinct and interesting features of the flow, which are
completely different than those observed at higher Reynolds numbers.

At low Reynolds numbers, 1 6 Re 6 5, for all gap spacings, the flow contains no regions of flow
separation. At higher Re, four distinct flow behaviors were observed. For very small gap spacings, e.g.
0.1 < s/D < 0.6 at Re = 20, two elongated ‘‘detached vortices’’ form downstream of the cylinders. The drag
coefficient increases sharply with the gap spacing. For gap spacings 0.6 < s/D < 0.7 at Re = 20, no vortices
form anywhere in the flow. For gap spacings around s/D � 1 separation regions form only on the inside
portions of the cylinders. For larger gap spacings s/D > 1 the flow reverts to something similar to that
around an isolated cylinder in the flow, i.e. two attached vortices on the rear side of each cylinder. In
general, the drag coefficient increases as the gap spacing increases. At higher Reynolds number it is
known that the cylinder lift coefficients decrease monotonically with gap spacing. In contrast, at these
lower Reynolds number the lift coefficient curves rise to a maximum for 0.3 < s/D < 3 and then decrease
monotonically for larger s/D.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The flow around two or a cluster of cylinders with different ori-
entations is of interest to different fields of engineering, such as the
wind flow around the chimneys of a power plant, transmission
lines, and struts of a biplane wing, or the flow past columns of a
marine structure in offshore engineering [2]. These flows, which
generally occur at high Reynolds numbers, are characterized by
the wake of the upstream cylinder strongly influencing the down-
stream cylinder [3].

In contrast with these high Reynolds number interactions, in
papermaking lower Re interactions are important. For example,
wood fibers, which are approximately cylindrical structures
1 mm long and 40 lm in diameter, often settle in close proximity
of one another [4]. An idealization of the settling of two side-by-
side wood fibers is the flow over tandem cylinders at low Reynolds
numbers (Fig. 1).

Taneda performed experimental studies on the lift of two side-
by-side cylinders at Reynolds numbers from 0.01 to 1.6 [5]. He
observed that the lift coefficient first increased with increasing
ll rights reserved.
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separation and then decreased monotonically at larger separation
distances. Moreover, the lift coefficient decreased monotonically
as the Reynolds numbers increased. His findings were in agreement
with the theoretical work by Fujikawa [6]. For a very small Reynolds
number (1.1 � 10�2) no flow separation was observed at g = s/
D = 0.2, where s is the surface-to-surface gap spacing between the
cylinders and d is the cylinders’ diameter [7]. Umemura [8] per-
formed a matched-asymptotic analysis of the low Reynolds number
flow past a pair of circular cylinders. His results were in fairly good
agreement with Taneda’s experimental data.

Zdravkovich [9] made a survey of the steady flow interference
between two circular cylinders in various arrangements at large
Reynolds numbers (Re � 105). He sketched three distinct flow
regimes depending on the gap spacing: (1) one single vortex street
when the cylinders are close to each other, i.e. 0 < s/D < 0.1 � 0.2,
(2) bistable biased gap flow in the gap spacing range 0.1 � 0.2 < s/
D < 1 � 1.2, (3) coupled vortex streets for 1 � 1.2 < s/D < 4 � 5. The
wakes of the two cylinders were essentially independent when the
gap spacing was greater than 5 diameters. A remarkable feature of
the flow is the bistable biased gap flow for intermediate cylinder
spacings. In biased gap flow, a narrow wake exists behind one cylin-
der and a wide wake behind the other (it is bistable in the sense that
which cylinder has the narrow wake is a function of very slight vari-
ations in the approach flow or cylinder geometry). It is surprising
that in an entirely symmetrical oncoming flow, the two identical
side-by-side cylinders produce an asymmetrical wake. The origin
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Nomenclature

CD drag coefficient of the cylinders, CD ¼ FD
1
2qU2

1D

CL lift coefficient of the cylinders, CL ¼ FL
1
2qU2

1D

d1, d2, d3, d4, d5 parameters used in CD curve fit
D cylinder diameter (m)
H overall height of geometry (m)
l1; l2; l3; l4; l5 parameters used in CL curve fit
Ldown, Lup, W computational domain sizes (m)
LSB cylinders’ separation bubble length (m)
Re Reynolds number based on cylinder diameter

ReH Reynolds number based on height normal to the flow
s surface-to-surface gap spacing between cylinders (m)
S center-to-center gap spacing between cylinders (m)
U1 free stream velocity (m/s)
x downstream distance (m)
y distance in the transverse direction (m)
hf forward stagnation point angular position (degrees)
hr rear stagnation point angular position (degrees)
l dynamic viscosity (Pa s)
q density (kg/m3)

slip wall
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of biased gap flow has been discussed in [3,10–12], but no general
consensus has been achieved. Bearman and Wadcock [11] have also
observed biased gap flow for two side-by-side plates. Hence, they ru-
led out the hypothesis that the variable position of boundary-layer
separation is the reason for the biased flow.

Zdravkovich [9] compiled lift and drag coefficients in side-by-
side arrangements in the Reynolds number range 103 < Re < 105.
As the gap spacing between the cylinders increases the lift coeffi-
cient decreases monotonically. In general, at very small separa-
tions, the drag of a pair of cylinders is greater than the
summation of the drags of the two cylinders in isolation [11]. As
the gap spacing increases, the drag coefficient first decreases until
the gap spacing is in the range 0:5 6 s=D 6 1. As the gap size in-
creases further, one of two trends were observed, depending on
the Reynolds number: (i) the drag increases monotonically to the
value for an isolated cylinder, e.g. at Re = 6 � 104 and (ii) it in-
creases to values above that of an isolated cylinder, reaches a max-
imum, and then asymptotically approaches that of an isolated
cylinder, e.g. at Re = 1.6 � 105.

For a single two-dimensional cylinder in a uniform flow the
laminar Karman vortex street appears for Re > 40, and the wake be-
comes transitional for Re > 200. Some new types of periodic vortex
shedding and transition between different types have been classi-
fied for finite cylinders for 40 < Re < 300 [13–16]. Two side-by-side
cylinders exhibit different shedding patterns and transitional
wakes depending on the proximity of the cylinders and the Rey-
nolds number. The biased gap flow present at high Reynolds num-
bers has also been observed at low Reynolds numbers, e.g. at
Re = 55 and s/D = 1 [17]. For gap spacings 1 < s/D < 5, Williamson
[17] observed that the cylinders shed stable vortices predomi-
nantly in antiphase, leading to two antiphase streets. In contrast
with the stable out-of-phase shedding, the in-phase vortex shed-
ding between side-by-side cylinders, at gap sizes s/D < 3, is not sta-
ble and evolves into a large-scale single wake [18–21]. In other
words, eddies shed from the inner side of the cylinders roll up
and pair with eddies on the outer side forming a ‘‘binary eddy
∞U
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Fig. 1. The geometry of the problem.
street’’. The stability of the coupled wakes of cylinders in (s/
D, Re) space is studied in [22].

In this article we describe numerical simulations of the flow
around 2 two-dimensional side-by-side circular cylinders with
gap spacings 0.1 < s/D < 30, and Reynolds numbers between 1
and 20. In Section 2, we describe the numerical method and com-
putational domain used for simulations. Section 3 discusses the re-
sults and Section 4 is comprised of a summary and conclusions.
2. Numerical method

2.1. Meshing and boundary conditions

The flow around two side-by-side circular cylinders with gap
spacing in the range 0.1 < s/D < 30 was simulated in a typical com-
putational domain shown in Fig. 2. The normal computational do-
main size was roughly Lup = 250D, Ldown = 500D and W = 500D. At
lower Reynolds numbers, the domain size was increased up to four
times relative to the reference domain, but negligible changes in
the drag coefficient results were observed. For higher separations
between the cylinders, domain sizes were also increased according
to the gap spacing.

The lateral walls were considered as zero-shear walls to mini-
mize their effect on the flow. Velocity inlet and pressure outlet
boundary conditions were chosen, respectively, for the inlet and
outlet of the domains. In the areas close to the cylinders, a bound-
ary layer mesh was used over the cylinder surface and the rest of
the domain was meshed with unstructured elements. Fig. 3 depicts
a close-up view of the mesh around the cylinders.

The meshed geometry was then imported into the CFD package
Fluent™. Owing to the low to moderate Reynolds numbers of inter-
est here, the laminar viscous model in Fluent was used, resulting in
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Fig. 2. Computational domain indicating the inlet, outlet, and slip walls. For clarity,
not all mesh elements are shown.



Fig. 3. A close-up view of the hybrid mesh around the cylinders.

Table 1
Comparison of drag coefficient between simulations and those in [24,25].

Re Simulation Ref. [24] Difference
(%)

Ref.
[25]

Difference
(%)

20 1.9980 2.0001 ± 0.0002 �0.1 2.0243 �1
40 1.4996 1.4980 ± 0.0005 0.1 1.5075 0.5
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a direct numerical simulation of the flow. All simulations were run
under steady flow conditions. For spatial discretization, second-or-
der upwinding was used. The SIMPLE scheme was employed for
the pressure–velocity coupling. We ran some simulations for
Re = 20 with both the steady and unsteady solvers within Fluent.
The time-averaged drag coefficients were all within 1% of the stea-
dy drag coefficients. No Karman vortex shedding was observed for
the unsteady simulations.
2.2. Mesh Independence

To ensure that the simulation results are mesh independent,
several flows were simulated with different mesh densities. Two
typical cases are shown in Fig. 4. For all flows simulated the drag
(lift) coefficient computed with 0.08 million cells was within
0.01% (0.1%) of that computed with a finer mesh. Therefore, the
number of cells used in all other cases was between 0.08 and 0.15
million. In general, a larger number of cells were required to achieve
mesh independence at low Reynolds numbers owing to the larger
domain size that is required to minimize side/end-wall influence.

The pressure distributions over the cylinder surface from the
simulations were also compared with those given by Fornberg
[24]. The maximum error at Re = 40 was around 1.5%, which oc-
curred at the front stagnation point. The error may be attributed
in large measure to digitizing Fornberg’s graphs, although numer-
ical dissipation caused by the second-order upwinding used in the
Fig. 4. (a) Drag coefficient and (b) lift coefficient versus number of mesh vo
momentum equation discretization, which would be most pro-
nounced at this location, likely also played a role.

A comparison of drag coefficients between our simulations and
those reported in [24,25] is given in Table 1. There is excellent
agreement between the simulations and the previous studies.

3. Results and discussion

3.1. Flow visualization

3.1.1. Flow definitions
In Section 3.1.2 we describe the flow streamlines as the Reynolds

number and the gap spacing are varied. At different values of Re and
s/D the flow has distinct and interesting streamlines (Fig. 8), many
of which include flow separation. For clarity, we define here some
features of the flow. Figs. 5a and b show, respectively, streamlines
for an isolated cylinder and for two side-by-side cylinders in the
flow. For the single cylinder the separation bubble length, LSB, is
the distance between the rear of the cylinder and the stagnation
point at the aft of the counter-rotating vortices. For the flow shown
in Fig. 5b the flow does not separate on the cylinders’ surfaces, but
rather separates some distance downstream of the cylinders. For
this case, the separation bubble length is defined to be the distance
between the forward and aft stagnation points of the vortex pair.

As the gap spacing changes between the cylinders, a number of
changes occur in the separation and stagnation points. Before we
explain the general behaviors of these points, we first present
two typical cases.

Fig. 6a shows the flow at Re = 20 around nearly touching cylin-
ders, s/D = 0.05, with the stagnation points labeled on it. For a single
isolated cylinder in the flow the front (rear) stagnation point hap-
pens at hf = 90� (hr = 90�), whereas the proximity of the cylinders
moves the front stagnation point to hf � 47� and the rear stagnation
point to hr � 142�.

Fig. 6b shows the upper cylinder in the side-by-side configura-
tion with s/D = 1 at Re = 20 (a close-up view of Fig. 8(b6)). The sin-
gular points for this special gap spacing are different than those of
the previous narrow-gap regime. The front stagnation point has
moved forward to hf = 77�, the rear stagnation point has remained
in about the same location, and a separation region has been
formed on the inner side of the cylinders.
lumes for s/D = 0.5 for Re = 20. Note the highly expanded ordinate axes.



(a) (b)

SBLSBL

SBL

Vortex Pair Forward Stagnation Point

Vortex Pair Aft Stagnation Point

SBL

Vortex Pair Forward Stagnation Point

Vortex Pair Aft Stagnation Point

Fig. 5. The definition of the ‘‘separation bubble length’’ for (a) the flow around an isolated cylinder at Re = 20 and (b) the flow around two side-by-side cylinders at Re = 5 and
s/D = 0.2, showing the ‘‘vortex pair forward stagnation point’’ and ‘‘vortex pair aft stagnation point’’.

(a) (b)
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stagnation points

reattachment point

separation point

stagnation points

reattachment point

separation point

Fig. 6. Close-up view of the flow streamlines showing the stagnation, separation, and reattachment points at (a) Re = 20 and s/D = 0.05 and (b) Re = 20 and s/D = 1.
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3.1.2. Flow characteristics
We start our discussions by considering the case with a very

small gap spacing, s/D = 0.05, for which there is a weak flow be-
tween the cylinders. The flow through the passage displaces, to a
small degree, the two attached vortices towards the downstream.
The flow is attached along both cylinders and there is a stagnation
point in the flow along the midline between the cylinders, like
what is shown in Fig. 5b. The length of the ‘‘detached vortices’’ is
tremendously larger than that of an isolated single cylinder at
the same Reynolds number. As shown in Fig. 6a, there is no sepa-
ration region formed around the cylinders close to the gap, either
upstream or downstream, when s/D = 0.05. For smaller gap spac-
ings, e.g. s/D = 0.005, the flow resembles the flow in a corner and
separation regions form around the gap both upstream and down-
stream of the cylinders. Maintaining the same gap spacing, increas-
ing the Reynolds number increases the separation bubble length
drastically, e.g. at Re = 20 Taneda’s experiments on a single cylin-
der show a separation bubble of length LSB = 0.85D [23], whereas
our simulation for two side-by-side cylinders with s/D = 0.05 gives
LSB = 6.35D. Hence, the side-by-side arrangement causes a separa-
tion bubble length much larger than that created by a cylinder of
twice the diameter.

To investigate this observation a bit further, a comparison be-
tween the flow around two nearly-touching side-by-side cylinders
and a flat plate normal to the flow is made in Fig. 7. Fig. 7a shows
the flow streamlines around cylinders with the gap spacing s/
D = 0.05 at Re = 20 (Re is based on the diameter of one cylinder).
The Reynolds number based on the overall height, H, of the cylin-
der pair (H = 2D + s) is ReH = 41. The streamlines of the flow normal
to a flat plate with height H = 2D + s, and thickness 0.025D were
also computed at the same ReH = 41 (Fig. 7b). The separation bub-
ble length for a single cylinder of diameter H, for two cylinders
with s/D = 0.05, and for a flat plate normal to the flow, all at
ReH = 41, are respectively 2.1H, 3.1H, and 5.2H. One reason the flat
plate has the most elongated vortex pair is that separation occurs
at the corners of the plate, while this happens after the shoulders
of the cylinders. A related reason is that greater pressure recovery
in the wake of single cylinder and side-by-side cylinder pair re-
duces the radius of curvature of the separating streamline and
therefore limits the separation bubble length.

As the gap spacing is increased to s/D = 0.2, the gap flow is en-
hanced, which pushes the twin vortices downstream. Relative to
the smaller gap case, the separation bubble maintains its shape
but its length varies slightly depending on the Reynolds number:
at Re = 5, LSB = 1.25D for s/D = 0.05 and LSB = 1.15D for s/D = 0.2; at
Re = 20, LSB = 6.35D for s/D = 0.05 and LSB = 7.05D for s/D = 0.2
(Fig. 8(b1) and (b2)).

For Re = 5, as the gap spacing is increased above s/D = 0.2, the
gap flow is further strengthened and the two vortices shrink and
are washed downstream (Fig. 8(a4)). When the gap spacing
reaches s/D = 0.5, the vortices cease to exist and only a residual
‘‘bulge’’ is left in their place. The disappearance of the vortices is
delayed and is more abrupt when the Reynolds number is in-
creased, e.g. at Re = 20, this happens around s/D � 0.6.

There is a range of gap sizes (e.g., Fig. 8(a5)–(b5)) for which no
vortices are present in the flow, even for Re = 20. In these cases,
the gap flow resembles the flow in a channel with a sudden
expansion.



Fig. 7. (a) Flow around 2 side-by-side cylinders with s/D = 0.05 at Re = 20. The Reynolds number based on the overall height (H = 2D + s) is ReH = 41. (b) A flat plate of height H
normal to the flow at ReH = 41. The plate thickness is 0.01H.
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Fig. 8. Steady flow around two equal side-by-side cylinders at different Reynolds numbers and different gap spacings. The left column corresponds to Re = 5 and the right
column to Re = 20.

140 A. Vakil, S.I. Green / Computers & Fluids 51 (2011) 136–144 
 

 

As the gap size is increased still further, the cylinder flow starts
to resemble the flow around isolated cylinders. At Re = 20 for s/
D � 1 (Fig. 8(b6)), a small separation bubble is formed on the inner
side of the cylinders. Increasing the gap spacing causes flow sepa-
ration on the outer side of the cylinders as well, i.e. a return to
twin-vortex formation behind each cylinder, but the flow regime
is asymmetrical about each cylinder owing to the streamline
expansion caused by losses in the gap flow (Fig. 8(b7)–(b8)).

The streamlines of the initial twin vortices flow regime,
Fig. 8(b4), are quite different than the streamlines of the sudden
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expansion flow regime, Fig. 8(b5). The difference in the streamlines
is a bit deceptive. As the gap increases from s/D = 0.5 to s/D = 0.75,
there is a smooth transition from a slightly negative axial velocity
along the centerline to a slightly positive one (e.g. refer to Fig. 9 for
the velocity distributions at x/D = 5).

3.2. Stagnation/separation points

Fig. 10 shows the front stagnation point location as a function of
the gap spacing, with Reynolds number as the parameter. As the gap
spacing increases the front stagnation point approaches asymptoti-
cally the position for an isolated cylinder, hf = 90�. At higher Reynolds
numbers the approach towards the asymptotic limit is steeper,
owing to the dominant effects of the inertial forces at higher Re.

Fig. 11 shows the change in the rear stagnation point position
with the gap spacing for low Reynolds numbers. For Re = 1 and
Re = 5 the rear stagnation point angle first increases with s/D,
reaches a peak, and then asymptotically approaches 90� at large
values of s/D.
The singular points at Re = 20 are shown separately in Fig. 12.
Up to s/D � 1, there is only a slight change in the rear stagnation
point. Interestingly, the dynamical behavior of the flow trifurcates
for s/D > 1. For gap spacings in the range 1 < s/D < 1.5, a separation
region forms on the inner side of the cylinder, as shown in Fig. 6b.
This creates a reattachment point and a separation point on the
rear side of the cylinders. For gap spacings s/D > 1.5, the asymmet-
rical pair of vortices reform to produce an upper and a lower sep-
aration point together with the reattachment point, see Fig. 8(b7)
and (b8). The angular positions of these singular points are almost
fixed for different values of the gap spacing.

3.3. Drag and lift coefficients

The trend in the lift and drag coefficients for these moderate
Reynolds numbers is different than occurs at higher Reynolds
numbers. For comparison purposes we ran time-dependent CFD
simulations at Re = 100, at which Reynolds number vortex streets
are shed into the flow. The time-averaged lift and drag coefficients



Fig. 9. A comparison of (a) x-component (b) y-component of velocity between Fig. 8(b4) and (b5) corresponding to gap spacings s/D = 0.5 and s/D = 0.75 at Re = 20.

Fig. 10. Front stagnation point angular position versus gap spacing with Re as the
parameter.

Fig. 11. Rear stagnation point angular position versus gap spacing with Re as
parameter.

Fig. 12. Angular position of rear stagnation/separation/reattachment points versus
gap spacing at Re = 20. Note that for 1 < s/D < 1.5 a counter-rotating vortex pair
forms in the wake of the cylinders.

Fig. 13. Time-averaged lift and drag coefficient of two side-by-side cylinders versus
gap spacing at Re = 100.
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of these simulations are presented in Fig. 13. These results are in
good agreement with those presented in [18]; at Re = 100 and s/
D = 0.2, Kang gives CL ¼ 1:04 and we calculated CL ¼ 0:99. The lift
coefficient should approach zero when the gap spacing is in-
creased. As seen in Fig. 13 there is a monotonic decrease in the lift
coefficient with gap spacing. This trend in lift resembles that of a
single cylinder placed near a wall in a shear-free flow [26,27]. At
small gap spacings the drag coefficient is greater than that of a sin-
gle cylinder in the flow and then it is almost constant for s/D > 1.5.
At the low to moderate Reynolds numbers that are the focus of this
article, almost none of the higher Reynolds number trends are ob-
served, as explained below.

Variations of the drag coefficient with the gap spacing for differ-
ent Reynolds numbers, 1 6 Re 6 20, are depicted in Fig. 14. In con-
trast with the increased drag of cylinders in proximity, shown in
Fig. 13, at these lower Reynolds numbers there is a pronounced
reduction in the drag coefficient for small gap spacings.

Fig. 15 shows the contribution of the viscous drag and pressure
drag to the total drag for different gap spacings at Re = 20. As is
clear in Fig. 15, the primary reason for the reduced drag of cylin-
ders in close proximity is the reduced viscous drag, not any marked
change in the overall pressure drag.

The variation of the lift coefficient with the gap spacing is much
more complicated than the drag coefficient, as shown in Fig. 16. For
Reynolds numbers Re 6 10, there is an initial increase in the lift
coefficient as s/D increases, it reaches a maximum, and then
asymptotically decreases to zero. At Re = 1 this peak lift happens
at larger values of s/D than for Re = 5. For example this point is



Fig. 14. Drag coefficient of the side-by-side cylinders versus gap spacing with Re as
a parameter.

Fig. 15. Variation of the viscous and pressure drag coefficients with s/D at Re = 20
for two cylinders side-by-side in a cross flow.

Fig. 16. Lift coefficient of the side-by-side cylinders versus gap spacing with Re as a
parameter.

Table 2
Drag coefficient curve fit.

CDðx;ReÞ ¼ d1erf ðd2xÞ þ d3
xþd4
xþd5

d1 ¼ 3:35ðRe�0:40Þ � 0:363

d2 ¼ 0:16ðRe0:64Þ þ 0:017

d3 ¼ 6:65ðRe�0:87Þ þ 1:052

x ¼ s
D

d4 ¼ 1:35ðRe�1:61Þ � 0:010

d5 ¼ 1:58ðRe�1:76Þ þ 0:012

Table 3
Lift coefficient curve fit.

CLðx;ReÞ ¼ l1 x2þl2xþl3
xl4þl5

l1 ¼ 3:05ðRe�0:78 þ 0:092Þerf ð0:165Re1:6Þ
l2 ¼ 25:02ðRe�1:93Þ � 0:28

l3 ¼ 133:90ðRe�1:72Þ � 1:15

x ¼ s
D

l4 ¼ �0:67ðRe�0:67Þ þ 3:13

l5 ¼ 71:84ðRe�1:65Þ � 0:72

Table 4
Maximum and rms difference of drag and lift coefficient between simulations and
curve fit.

Re Drag coefficient Lift coefficient

Maximum diff. (%) RMS diff. (%) Maximum diff. (%) RMS diff. (%)

1 0.9 0.4 3.9 1.0
3 4.2 1.9 6.2 2.6
5 8.9 4.2 8.9 4.2
10 16 7.9 7.8 4.7
20 16.5 9.7 15.7 9.7
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around s/D � 1 at Re = 3, whereas it occurs around s/D � 0.7 at
Re = 5. The lift coefficient curve is sigmoidal. The curve is concave
down for small s/D, has a point of inflection, and then is concave up
and asymptotes to the x-axis when the cylinders are far apart. The
inflection point moves towards a smaller gap spacing as the Rey-
nolds number increases, as expected. For comparison with higher
Reynolds number flows, the time-averaged lift coefficient at
Re = 100 is also shown on the graph.
3.3.1. Numerical fit to lift and drag coefficients
The numerically computed drag and lift coefficients were

parameterized as functions of Re and separation distance. Our
initial emphasis was on the role of the separation distance and
we then considered the effect of Reynolds number. For a fixed Re
we used the optimization toolbox in MATLAB (nonlinear curve-fit-
ting in the least-squares sense) to find functional fits to the simu-
lation results. The coefficients of the parameters in the functional
fits were then made functions of Re, and these functions were in
turn determined by least-squares fitting to simulation results at
several Re. In total, seven different Reynolds numbers and 14 sep-
aration distances were used to obtain the drag and lift coefficient
correlations.

The reduced drag on the cylinders (Fig. 14) is well represented
by a combination of two functions; an error function and a rational
function (Table 2). The root mean square (rms) deviation between
the cylinders’ drag predicted by the curve fit and from simulations
is 6%, when averaged over all cylinder separations and Reynolds
numbers. For a given Reynolds number, the maximum difference
and rms difference calculated for all gap spacings are tabulated
in Table 4. The maximum differences occur at small gap spacings.

The non-monotonic dependence on s/D of the lift coefficient of
cylinders makes that lift difficult to parameterize. Apart from the
range 15 < Re < 20, the cylinders’ lift coefficient is well fit by a
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rational function (Table 3); with the numerator a quadratic func-
tion and the denominator a power law. The function fit may be
used for 15 < Re < 20, but only for s/D > 5. The rms deviation be-
tween the cylinders’ lift coefficient predicted by the curve fit and
from simulations is 4.3%. The maximum and rms difference be-
tween simulations and curve fits of lift for all gap spacings are tab-
ulated in Table 4.

 

 

4. Conclusions

Computer simulations of the flow around two-dimensional
side-by-side circular cylinders, at low to moderate Reynolds num-
bers, have been conducted to investigate the effect of the gap spac-
ing between the cylinders on the lift and drag coefficients. The gap
spacing is varied in the range 0.05 < s/D < 30, and Reynolds num-
bers between 1 and 20 were studied.

For very small gap spacing, two elongated ‘‘detached vortices’’
form downstream of the cylinders. Increasing the Reynolds num-
ber increases the separation bubble length drastically. The small
gap ratios, e.g. 0.2 < s/D < 0.4 for Re = 5 and 0.4 < s/D < 0.6 for
Re = 20, is characterized by the shrinkage of the two vortices,
accompanied by the disappearance of them around s/D � 0.5 for
Re = 5 and s/D � 0.6 for Re = 20. For intermediate gap sizes, e.g. s/
D � 2 at Re = 10 and s/D � 1 at Re = 20, the cylinder flow starts to
resemble the flow around isolated cylinders, but only one small
separation bubble forms on the inner side of the cylinders. For lar-
ger values of gap spacing twin vortices form behind each cylinder,
but the flow streamlines around each cylinder are asymmetrical. In
addition, the front stagnation point approaches asymptotically the
position for an isolated cylinder, hf = 90�, as the gap spacing
increases.

The variation of the lift and drag coefficients for these moder-
ate-Reynolds-number flows is different than occurs at higher Rey-
nolds numbers. At small gap spacings the drag coefficient is
considerably smaller than that of a single cylinder. The reduction
in the drag is attributable to the reduced viscous drag at small
gap spacing. The variation of the lift coefficient with the gap spac-
ing follows a sigmoidal pattern: for small s/D it is concave down,
and then it is concave up to asymptotically approach the x-axis
when s/D is large. Curve fits of CL

s
D ;Re
� �

and CD
s
D ;Re
� �

are provided.
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